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Abstract

This thesis is a numerical study of the gamma ray emission from clusters and it is aimed
at constraining the cosmic ray content of jets from radiogalaxies. It involves the simula-
tion and numerical analysis of Lagrangian tracers injected by the jets from radio galaxies
into the medium of clusters of galaxies evolving in a cosmological simulation.

Non- relativistic particles can be accelerated to relativistic speeds in different ways like
magnetic reconnection, Fermi I, Fermi II acceleration etc., [1]. Relativistic particles, in-
cluding cosmic ray electrons and protons, exhibit different energy loss behaviors. Cosmic
ray electrons primarily lose energy through synchrotron and inverse compton processes,
with a short timescale of approximately 108 years. On the other hand, relativistic pro-
tons, can undergo hadronic interactions and experience energy losses during their prop-
agation through space. Cosmic ray protons participate in hadronic interactions with
thermal protons in the gas medium, leading to the production of neutral pions. These
unstable pions, given their shorter lifetime subsequently decay into gamma-rays. There-
fore, the detection of gamma-rays signifies the presence of cosmic ray protons.

However in the Intracluster Medium (ICM) there are instead only non-reported non-
detection of gamma-rays [2]. Since cosmic ray protons do not undergo major losses and
have longer lifetime, these constraints can be used to constrain the source or acceleration
mechanism present in the environment. My thesis mainly focuses on constraining the
composition of cosmic ray protons and electrons injected in clusters of galaxies by radio
jets.

I have analyzed different sets of radio jet simulations, in which the cosmic rays are
transported into the ICM [3]. I have utilized Lagrangian tracers within the simulations
to monitor the transport of cosmic rays originating from the radio jets into the ICM.
The jet simulations encompasses a single radio galaxy Vazza et al (2021) A&A, a single
radio galaxy with varying powers Vazza et al (2023) A&A and multiple radio galaxies
Vazza et al (2023) Galaxies. I have calculated the gamma-ray flux under various radio
jet conditions and compared it with the observational data from FERMI LAT. This
comparative analysis has enabled me to establish constraints on the allowed cosmic ray
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energy content in the radio jets. I concluded that if radio galaxies have multiple bursts,
then they violate the FERMI limit. In my simulations, for Nburst = 4, the gamma-ray
flux surpasses the FERMI limit. Therefore, this can be used to limit the cosmic ray
energy budget to be ≤ 25% of magnetic field energy in radio jet. This is due to the fact
that the initial conditions have an equality between cosmic ray energy and the magnetic
field energy. In my thesis I also proved that such limits hold for even variations of the
initial jet power. The charged pions in hadronic emission also decay into muons and neu-
trions. Since neutrino and gamma ray flux are linked by the same process, in my thesis
as an additional task I also focus on the injection of neutrinos diffused into the clusters
of galaxy by hadronic collision and comparing the neutrino flux with the observational
results of IceCube.

Overall my thesis has shown that the joint use of gamma-ray and neutrino data can
be used to refine existing physical models of radio jets in clusters of galaxies.
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Chapter 1

Introduction

1.1 Galaxy Clusters

Galaxies that are gravitationally bound together form a cluster. According to the
Lambda Cold Dark Matter (LCDM) model it is believed that clusters are formed by
a hierarchical sequence of mergers and by accretion of smaller systems over the timescale
of 109 ∼ 1010 years [7]. The "Lambda" (Λ) in LCDM model refers to the cosmological
constant, which represents the dark energy responsible for the accelerating expansion of
the Universe. The model combines the cosmological constant (dark energy) with cold
dark matter as the primary components of the Universe’s energy density. The LCDM
model predicts that the early Universe had tiny fluctuations in matter density. Over
time, under the influence of gravity, these density fluctuations grew, leading to the for-
mation of larger structures. Dark matter plays a significant role in this process, as it
acts as the dominant gravitational component, attracting ordinary matter and causing
it to collapse into halos, which serve as the building blocks for galaxies and clusters.
Clusters are very important cosmological probe in the present day astronomy as they
cause gravitational lensing [8]. They could extend to a size of ∼ Mpc scale. Clusters can
have a few galaxies to hundreds and thousands of galaxies. Galaxy clusters have masses
between 1014 - 1015 M⊙ in which most of the mass (around ∼ 70% - 80%) is by dark
matter. The plasma present between the galaxies in a cluster forms the hot ICM that
has a temperature around 108K and a very low number density of 10−4 - 10−1 cm−3[1].
The strong gravitational energy that bounds the cluster is the main reason for such a
high temperature in the ICM because the gas is in approximate virial equilibrium with
the gravitational potential of the cluster. The ICM emits thermal X-ray radiation via
bremsstrahlung and it is also observed due to the Compton effects of Cosmic Microwave
Background (CMB) called as Sunyaev-Zel’dovich (SZ) effect in mm range[1]. The SZ
effect can either cause emission or depression ("SZ Decrement") at mm wavelengths. This
effect occurs because the CMB photons scattered by the cluster’s electrons lose energy
when they interact with the cluster while moving towards the observer. The SZ Decre-
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ment effect is typically observed in clusters with high temperature or in the presence of
large-scale flows in the Universe.

Figure 1.1: Gravitational lensing by Abell 2218 cluster captured by Hubble" [9].

1.1.1 Physical properties of clusters of galaxies

Galaxy clusters are commonly observed as relaxed and dynamically stable systems in
equilibrium. In these clusters, galaxies and dark matter exhibit collisionless behavior.
On the other hand, the gas component within galaxies can be collisional at larger scales,
typically exceeding 10 kiloparsecs (kpc). However, as we examine smaller scales, the gas
undergoes a transition towards a collisionless regime. The presence of magnetic fields
further complicates the gas behavior, resulting in a "weakly collisional" nature at larger
scales due to the interplay between magnetic fields and the gas. Utilizing the frame-
work of collisionless dynamics, we can apply the scalar virial theorem to estimate the
mass of the cluster. The scalar virial theorem is a fundamental principle that describes
the balance between the kinetic and potential energy of a system, enabling us to infer
important physical quantities within the cluster [10].

1
2

d2I

dt2 = 2K + W + Σ (1.1)

For a stationary (I (moment of inertia) = constant) system,

E = -K = W/2 (1.2)

where,

• E is the total energy,

• K is the kinetic energy,

• W is the potential energy,
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• Σ is the external pressure, that is negligible in this case.

K = 1
2mv2

W = −GM2

rg

(1.3)

where rg = 2.5 ×rh (half mass radius) The mass of the cluster is given by [10],

Mtot ≃ 5
2

< v2 > rh

G
∼ 6 × 1014 rh

1Mpc
( σ3D

1000Km/s
)2M⊙ (1.4)

if we use isotropic velocity distribution, then

σ3D =
√

3σr (1.5)

Figure 1.2: Mass fraction bound in groups and clusters of galaxies inside r200 at a redshift of zero.
The mass fraction in groups and clusters has been normalised by the total amount of
matter in the Universe for H0 = 70 km/s/Mpc and Ωm = 0.285 for the best-fitting

model [11].

Within a cluster, a significant number of galaxies are categorized as E-type, elliptical
galaxies dominated by old stellar populations and exhibiting minimal dust content. These
galaxies maintain a consistent appearance across various wavelengths. In a typical cluster
with a mass of 5 × 1014M⊙, E-type galaxies possess a velocity dispersion of approximately
1000 km/s. The stellar mass is only a few percent of total mass as most of the mass is due
to dark matter present in the clusters. It is more centrally concentrated, as σ (velocity
dispersion) decreases with radius, and is well fitted by a de Vaucouleurs profile or by a

5



NFW profile. According to Navarro-Frenk-White (NFW) profile, rh ∼ 0.4 − 0.5rvir.
Based on the properties of their galaxies, in general clusters are classified as,

• cD clusters- they are regular, compact, have a dense core and massive galaxies are
located closer at the center.

• Spiral-rich clusters -they are irregular, with little central concentration, early-type
and late-type galaxies are distributed similarly. There is no mass segregation like
massive galaxies being located closer to the center.

• Spiral-poor clusters -they have intermediate characteristics.

Massive clusters are considered to be baryonically closed systems, meaning that they
retain a significant portion of their baryonic content within their boundaries. Due to
their extremely high temperatures, these clusters are less efficient in forming stars. The
cosmic ratio of baryonic matter density (ρbary) to total matter density (ρmatter) is ap-
proximately 0.17. In contrast, the contribution of stars to the total matter density, as
represented by the ratio of stellar density (ρstar) to total matter density, is approximately
0.02. The deep potential wells of clusters make it unlikely for baryons to escape, lead-
ing us to conclude that the majority of baryons within clusters exist in the form of plasma.

For the simplest isothermal case, where both T and σr are spatially invariant then by
beta model the density profile of the ICM is given by [12] ,

ngas(r)
ngas(0) =

(
ρgas(r)
ρgas(0)

)β

(1.6)

where,
β = µ · mp · σ2

r

K · T
(1.7)

Using the empirical approximation,

ρgas(r) = ρgas(0)
[
1 +

(
r

rc

)2
]−3/2

(1.8)

where rc is the core radius thus yielding,

ngas(r) = ngas(0)
[
1 +

(
r

rc

)2
]− 3β

2

(1.9)

This beta model is simple with minimal parameters where the gas density is often de-
scribed as a power-law profile, and the pressure height scale is related to the core radius
and the beta parameter. To understand more about the physical structure of the cluster
we can characterize the volume filled up by the hot ICM with the pressure height scale.
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The pressure height scale varies based on the density model used to describe the density
distribution in the ICM. To derive the expression for the pressure height scale in the
simplistic case of a beta model, we can consider the hydrostatic equilibrium in the ICM,
where the pressure gradient is balanced by the gravitational force:

dP

dr
= −ρgas(r)GM(r)

r2 (1.10)
dP

Hp

= −ρgas(r) · g (1.11)

where dP/dr represents the pressure gradient, ρgas(r) represents the gas density, G rep-
resents the gravitational constant, M(r) represents the total mass enclosed within radius
r and Hp represents the pressure height scale. Using the ideal gas equation , we can
rewrite the pressure height scale in Eq 1.11 just with temperature as,

Hp = KT

µmpg
(1.12)

For T = 108 K → Hp ∼ 0.5 Mpc.

1.1.2 Timescales in clusters of galaxies

There are different kinds of timescales that have to be considered to have a complete
analysis of dynamics of a galaxy cluster. The crossing time is the time taken for grav-
itationaly bound galaxies to cross or move inside the cluster. This time is similar to
dynamical or free fall time [10].

tcr = 2R

v
(1.13)

where v is the typical velocity of the system

v ∼ (GM

R
)1/2 (1.14)

The next important timescale is the relaxation timescale. This is the time required
to relax for a 2-body system after encounters. It also defines whether the system is
collisional or non-collisional [10].

trelax ∼ 0.1N

lnN

R

v
(1.15)

where, N is the number of particles or galaxies. For a whole cluster with N ∼ 1000,
v∼1000 km/s and R∼1 Mpc it takes 14 Gyr to relax which is close to the age of the
Universe. The last timescale, is the direct collisional time. Consider a system of size R
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with N particles, each of radius rp, direct collison time is given by [10],

td = 4πR3

3Nπr2
p

R

v

1
R

(1.16)

For a stable equilibrium cluster, the following condition must be satisfied,

tcr ≪ age of the Universe ≪ trelax ≪ tcool ≪ td (1.17)

The parameter tcool represents the cooling time during which the cluster can dissipate
energy through radiative cooling mechanisms. The timescale becomes significant when
there are processes that allows radiative cooling in the cluster (Subsec 1.2.1).

1.1.3 Metallicity in clusters of galaxies

Supernova explosions play a crucial role in enriching the ICM with metals. It is widely
believed that clusters of galaxies represent "chemically closed systems," where the metals
produced by supernovae remain gravitationally bound within the ICM, possessing high
potential energy and thus remaining confined to the cluster [13]. Metallicity serves as
a valuable tracer for studying various processes within a cluster, such as star formation
rates, supernova explosions, and the yields of these explosions. Additionally, it aids in
understanding the gas cycle between galaxies and the ICM. The expected metallicity
in the ICM can be determined through various observational methods and theoretical
models, providing insights into the chemical composition and evolutionary history of
clusters. The expected metallicity in ICM is given by [14],

< ZF e >ICM= 3.64 × 10−3 M∗

MICM

∼ 0.47Z⊙ (1.18)

where M∗ is the stellar mass. If we take into account that some Fe is still locked inside the
star then the metallicity is around 0.23 M⊙. On an average the total cluster metallicity
is given by < ZF e >cluster∼ 0.38M⊙ [14].

1.2 Non-Thermal process in clusters of galaxies

Non-Thermal processes are very important as they provide us more information regard-
ing the source of relativistic particles in the cluster [4]. Through this study of cosmic rays
in the ICM, we can learn about the fundamental physics of Diffusive Shock Acceleration
(DSA), large scale magnetic fields in the ICM and also the turbulence that remains as
a source for accelerating relativistic particles. Non-Thermal processes are responsible
for several emission processes like synchroton radiation, inverse Compton and hadronic
emission of gamma rays. Relativistic charged particles inside a magnetic field accelerate
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perpendicular to the magnetic field and the velocity vectors and electro-magnetic radia-
tion is emitted in the form of synchroton radiation. To conserve momentum in B field, a
photon is released when the electron bends due to the magnetic field. In case of clusters,
cosmic ray electrons in a magnetised plasma ( ∼ µG ) [15] produces synchroton radiation
in radio waves. It is also possible to have inverse Compton of synchroton produced radio
waves in X-rays [1]. On the other hand, when cosmic ray protons collide with target
thermal protons, they produce pions which then decays into gamma rays (Sec 1.14).

Figure 1.3: Representation of an electron losing energy in a magetised field due to synchrotron.

Figure 1.4: Low energy photon is upscattered by a relativistic electron [16].

The rate of energy loss by synchroton and Inverse Compton process is given by [17],

(dE/dt)synch = −4
3 σT γ2β2(UB)2 (1.19)

(dE/dt)IC = −4
3 σT γ2β2(Uph)2 (1.20)

where,
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• σT is the Thomson cross-section,

• γ is the Lorentz factor,

• β is the Doppler factor (speed of the particle v/ speed of light c),

• UB is the magnetic field energy density which is given by, B2/8π,

• Uph is the photon energy density.

When synchrotron emission happens due to an ensemble of electrons in a region then the
emissitivy function is given by [17], jν(ν) = N0B

α+1ν−α, where α = δ−1
2 is the spectral

index, representing the slope of the photon energy spectrum.

Figure 1.5: Synchrotron emission due to multiple electrons.

1.2.1 Cooling time

The cooling time for synchrotron emission depends on the strength of the magnetic field
[17].

tcool,syn ∼ (γ − 1)mc2

4
3σT cγ2β2UB

(1.21)

For an Interstellar Medium, the cooling time is given by 108 year and for radio galaxy
it is 0.1 s. The difference in cooling time totally depends on the strength of magnetic
field. The Inverse Compton cooling time is also similar to Eqn 1.21, except that ma-
gentic field energy density is replaced by the photon energy density. In a given medium
with electrons and a field of photons, we can have both Compton and Inverse Compton
scattering, depending on the average energies; these processes cause the modification of
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the photon spectrum. In order to derive the spectral shape, the diffuse equation known
as Kompaneets equation must be solved [18].

Comptonization parameter y = ∆E

E
Nscatt (1.22)

E = E0e
y (1.23)

The detailed explanation of synchrotron and inverse Compton process in cosmic rays is
explained in Subsec 1.10.2.

1.3 Fermi I and Fermi II acceleration

Fermi mechanisms are very important as they explain Galactic and extra-Galalactic
cosmic rays. Fermi-I acceleration is related to acceleration of particles by shocks and
Fermi-II is related to acceleration by turbulence. The key result of Fermi’s theory is [19],

N(E) ∝ E−p (1.24)

The power law index ’p’ represents the relationship between energy and the number
of particles within that energy range. It can be determined through the DSA method,
which statistically connects it to the maximum energy attained by the particles for strong
shocks. According to DSA the power law index ’p’ is 2, which corresponds to the flattest
spectrum achievable. Figure 1.6 shows that the low energy cosmic rays are due to Fermi
accelerations from our own galaxy, while the high energy part are due to acceleration from
extra galactic regions. To understand the concept of Fermi accelerations let’s assume
elastic particle-cloud collisions or "moving-mirror" collisions. In a head-on collision, the
particles are always accelerated with cosθ > 0. On a rear-on collision the particles are
decelerated, cosθ < 0. The increase in energy per collision is given by [19],

∆E

E
= 2vV cosθ

c2 + 2V 2

c2 (1.25)
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Figure 1.6: Energy vs Flux of cosmic rays, a power law spectrum [20].

Figure 1.7: a) represents head on collision b) represents rear on collisions [19].

where

• v is the velocity of the particle,

• V is the velocity in which the cloud is moving,
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• θ is the angle at which the particle and the cloud collide,

• c is the speed of light.

The first term in Eq 1.25 is called the stochastic term, and it depends on the angle at
which the particle and cloud collide. The second term in Eq 1.25 is called systematic
term, and it depends only on the velocity of the cloud. If the stochastic term dominates
we have Fermi-I acceleration, and if the systematic term dominates we have Fermi-II
acceleration. Averaging over the angles we obtain the average acceleration efficiency or
the net Fermi acceleration as [19],

< ∆E >

E
= 8V 2

c2 (1.26)

Since the average acceleration does not depend on angle and velocity of the particle,
it can be termed as Fermi II acceleration. Similarly, the rate at which the energy is
increased can be calculated from [19],

dE

dt
= 4V 2E

3cλ
(1.27)

where λ is the size of the cloud. In regions where ionisation losses are high, as in typical
ISM condition in Milky Way, we have an insufficient acceleration. The particles in those
regions get accelerated only by Fermi-I acceleration. Fermi-I mechanism can explain
Galactic and even extra-Galalactic cosmic rays from supernovae, due to the strong shocks
present.

Figure 1.8: Comparison of the acceleration rate and energy loss rate due to ionisation losses for a
high energy particle [19].
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1.4 Diffusive Shock Acceleration

The specialisation of Fermi-I acceleration in the case of shocks is explained by DSA
theory. DSA theory allows us to link the power law index p to the Mach number in
Eq 1.25. As mentioned earlier, for strong shock predictions, M → ∞ and the power law
index p → 2 by DSA [19].

p = 2M2 + 1
M2 − 1 (1.28)

Figure 1.9: (a) An illustration of the diffusive shock acceleration mechanism (b) An illustration of
thermal particles at shock transition [21].

According to this theory, thermal particles experience a single bounce across the shock,
resulting in a decrease in their velocity downstream of the shock. Their gyro-radius re-
mains small, and their kinetic energy becomes thermalized within the downstream region
of the shock. In contrast, as illustrated in Fig 1.9 cosmic rays undergo multiple back-and-
forth bounces across the shock, allowing them to be accelerated to very high energies.
Compared to thermal particles, cosmic rays have a larger final gyro-radius. Larger the
gyro-radius of a particle within the shock, the greater the velocity jump it experiences,
leading to relativistic speeds through Fermi acceleration. During the process of DSA,
particles are typically injected from a Maxwellian distribution. If these particles undergo
acceleration, they contribute to the power-law distribution of energy. However, the spe-
cific minimum energy required for a particle transition from the Maxwellian distribution
to the power law remains uncertain, and this is referred to as the "injection problem."
There is a minimum momentum at which particles can be injected from the Maxwellian
distribution, determining their entry into the power-law regime which is given by [19],

Pmin = qinjPthermal (1.29)

Where,

• qinj is ∼ 3-4. Even with advanced simulations constraining qinj is not easy, because
in reality there is no clear numerical boundary, but a “window function” , i.e.
smooth range of high values , with different probabilities to start the acceleration.
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• Pthermal is given by,
Pthermal =

√
2mpkpT (1.30)

mp is the mass of the proton, kp is the Boltzmann constant, T is the temperature of the
medium.

Figure 1.10: Different slopes of DSA based on injection momentum in the maxewellian distribution
[22].

1.5 Radio halos and Radio relics

In galaxy clusters, two types of acceleration processes, known as Fermi-I and Fermi-II ac-
celeration are believed to give rise to distinct radio emission phenomena: radio relics and
radio halos respectively. Radio relics are observed at the outskirts of galaxy clusters and
exhibit highly polarized emission. They are believed to trace shock waves resulting from
cluster mergers. On the other hand, radio halos are detected in the central regions of
galaxy clusters. They typically follow the distribution of X-ray emission and are thought
to be generated by turbulence induced by cluster mergers. The turbulent motions in
the ICM accelerate electrons, which in turn emit synchrotron radiation, producing the
observed radio halos. Radio relics are due to the shocks dissipated by mergers. Addi-
tionally, there are also shocks generated by jets originating from Active Galactic Nucleus
(AGN). As the jets propagate through the ICM, they create shock due to the interaction
with the surrounding gas. These shocks compress and heat the plasma, leading to the
acceleration of electrons and protons to relativistic energies. The accelerated particles
then emit synchrotron radiation, which is observed as the radio emission associated with
the radio relics and halos which is explained in detail in Subsec 1.6. Rankine-Hugonoit
jump conditions are used to calculate the temperature, mach number and pressure across
the downstream of the shock. These shocks are weak with a low mach number 2 ∼ 3.
Particles are accelerated at the radio relics by DSA. The spectral index found at the relic
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is related to the Mach number by,

αinj = 1
2 − M2 + 1

M2 − 1 (1.31)

Figure 1.11: Sausage relic found in the cluster CIZA J2242+53 [23].

The tangled magnetic fields in the ICM are compressed, amplified and aligned with the
propagating shock plane, generating strong linearly polarized emission in relics. The
main problems with radio relics is the life time of cosmic ray electrons (108 years which
is less than the age of clusters) and acceleration efficiency of such a weak shock (M
≤ 5). The possible solutions for this problem could be shock re-acceleration, where
the electrons are already accelerated before reaching the relics and still not emitting in
radio. The suggested mechanisms where the electrons are re-accelerated include shock
drift, multiple shock acceleration etc., ([22],[24]) On the other side, looking into radio
halos they are diffuse, patchy emissions that are unpolarised and centrally located. Fermi
II acceleration of electrons in the turbulent ICM provides a good explanation for observed
radio halos.

1.6 Radiogalaxies in clusters

Radio emission from active galaxies driven by jets on scales from ∼ pc to ∼ Mpc scale
are termed as radio galaxies. These radio galaxies can be further classified into FRI
(Fanaroff-Riley) and FRII galaxies. FRI galaxies are edge-darkened while FRII are
edge-brightened [25]. This phenomenon likely occurs because of the high jet power of
FRII, which allows it to travel over longer distances and create hotspots. The abrupt
termination of shocks within FRII contributes to the formation of hotspots. Additionally,
these shocks serve as active regions where particles can be accelerated to reach relativistic
speeds. The substantial radio emissions observed are a result of the synchrotron process,
where relativistic electrons interact with the highly magnetized environment [26]. Using
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the excitation index (EI) (the ratio between the [OIII] line and the Hβ line, minus the
lines of other elements, such as [NII], [SII], [OI]) as a proxy, the radiative efficiency of
the accretion disc radio galaxies could be classified as High Excitation Radio Galaxy
(HERG) and Low Excitation Radio Galaxy(LERG).

• EI > 0.95 - HERG - Efficient accretion disk, Shakura-Sunyaev disk. This disk has
a large amounts of gas flow inwards, feeding the BH through a radiatively efficient
disc; this mode may have a role in reducing star formation at high redshift and
setting up the observed Magorrian relation (correlation between black hole mass
and velocity dispersion in the bulge Ref Subsec1.7) through radiative feedback.

• EI < 0.95 -LERG - Inefficient accretion disk, Advection domination accretion flow
(ADAF). In ADAF the material is accreted onto the BH in a radiatively inefficiently
way, leading to a limited radiation. There are cases where the radiation efficiency
of the accretion is insufficient to emit all the Egrav liberated in the disc. So, a part
of the energy is then advected with the adiabatic flow, instead of being radiated
from, and the accretion flow then ultimately is accreted beyond the horizon of the
Black hole. Thus, the flow retains most of it energy and does not radiate/cool
efficiently.

In FR I the jets are thought to be decelerated, to become sub-relativistic on scales of pc
to kpc and their nuclei are powered by an inefficient engine (LERG). In FR II the jets
are at least moderately relativistic and supersonic from the core to the hot spots and
most of their nuclei are powered by an efficient engine (HERG).

Figure 1.12: The schematic figure of the state of a black hole accretion disk [27].

Galaxy clusters hosts thousands of galaxies in which a few active radio galaxies are
present. The jets and lobes of radio galaxies in a cluster interact with the ICM resulting
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in different morphologies like WAT (wide-angle), NAT (Narrow-angle) and head-tail
radio sources [26].
A new class of radio galaxy has been introduced which is termed as FR0. They are
extremely compact radio galaxies (< 10 kpc) often unresolved at very high resolutions.
In FR0 radio galaxies the ratio between the core and the total emission is ∼ 30 times
higher than the FR I. FR0 have moreover same properties as FRI except for the extension
of radio jets.

Figure 1.13: Powerful FR II radio jets in CygnusA (left) and the weak FRI jets in 3C 31 (right) from
the VLA (Very Large Array) radio maps [28].

It is well-known that the ICM within galaxy clusters loses its energy through X-ray
emission, which should result in a rapid cooling process at the cluster’s center. Without
any counteracting heating mechanisms, the ICM is expected to cool down within a
relatively short time frame of around 1 Gyr, which is shorter than the age of the clusters.
Additionally, this cooling process would lead to an increased Star Formation Rate (SFR)
in the cluster, which contradicts observations since such a high SFR is not commonly
observed. To address this cooling problem, one possible solution is the presence of
heating mechanisms within the system that can balance the radiative losses in the ICM.
One potential source of heating could be radio galaxies, which plays a significant role
in supplying energy to the ICM. This idea is supported by the observation of numerous
cavities within cool core clusters. These cavities are formed when the radio plasma from
the jet displaces the X-ray emitting plasma, creating empty regions or cavities. Due
to buoyancy forces, these cavities rise and expand into the ICM, effectively distributing
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the energy into the surrounding medium [29]. Chandra images of Perseus and Cygnus-
A clusters have uncovered numerous disruptions, including ripples, shocks, and abrupt
changes in density, within clusters’ cores. Comparatively analyzing these images with
radio data at a similar angular resolution has demonstrated that AGN jets are responsible
for many such disruptions [30]. This will be discussed further in the Section 1.7

1.7 AGN feedback in Galaxy clusters

The AGN is fueled by the accretion of matter into the black hole situated at the center
of the galaxy. The immense energy released by the AGN can significantly influence the
evolution of the host galaxy throughout its lifetime. This process, which involves the
energy released by the AGN into the surrounding gaseous environment and its subse-
quent effects on the galaxy’s evolution, is known as AGN feedback. AGN feedback plays
a crucial role in regulating the fuelling of the nucleus, thereby controlling its duty-cycle
and impacting various aspects of the host galaxy’s evolution [31]. AGN feedback has
far-reaching consequences, influencing various aspects such as galaxy formation and the
observed correlation between black hole mass and velocity dispersion in the bulge, often
referred to as the Magorrian relation. Local MBH - galaxy relations are the result of a
balance between AGN activity, which tends to expel the gas, and galaxy gravitational
attraction, which tends to retain it.

The balance between mass of galaxy and black hole is found at MBH ∼ 0.001Msph

(Mass of spheroidal virial mass) [32]. AGN feedback is also considered as a potential
solution to the cooling flow problem observed in galaxy clusters, where the rate of star
formation continues at a diminished pace [30]. When matter accretes onto a black hole,
it releases energy in the form of radiation, given by the equation EBH = ϵMc2, where
ϵ ≈ 0.1 represents the radiative efficiency. For supermassive black holes (SMBHs) with
masses around 109 solar masses (M⊙), the total energy released can reach an astounding
value of 1062 ergs [30]. Even a small fraction of this energy can entirely blow away the gas
content in the bulge thus preventing the cooling flows and limiting the star formation.
Since clusters of galaxies consist the most of the baryons and active galaxies, studying
them will help our understanding in the feedback mechanism that regulates the galaxy
formation. This feedback is a negative feedback where the star formation is inhibited
and prevents the host galaxy in becoming too massive that can disrupt the balance in
the surrounding environment. Negative feedback from AGN helps account for the BH
mass-σ correlation and for the luminosity function of massive galaxies.
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Figure 1.14: Mass of the Black hole vs spheroidal velocity dispersion [33].

Simultaneously, the activity of AGN can also lead to positive feedback on the star for-
mation rate. This occurs when the pressure exerted by the AGN surpasses the dynamic
pressure governing the surrounding medium. As a result, the AGN can trigger star for-
mation by compressing dense clouds within its vicinity. Numerical simulations provide
evidence that the increased pressure generated by AGN-driven jets can compress the gas
within a disk, leading to an enhanced star formation [34].

AGN feedback can happen in two different modes. The quasar (or radiative) mode
is referred to high luminosity AGN, i.e. those emitting close to the Eddington limit,
where most of the energy is released by radiation (or a wind). They are radiatively cou-
pled process as wide-angle winds are launched from the accretion disc and driven by the
coupling of the radiation to the ambient medium. The jet (or kinetic) mode is dominant
in low-power AGN where the radio plasma provides the main source of energy [31]. It
prevents the gaseous atmosphere from cooling back into the galaxy. It is a mechanical
coupling process where parsec-scale jets can produce over-pressured cavities from which
the wide-angled outflows can be driven by the mechanical action of the radio plasma
emanating from the AGN [35].
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Figure 1.15: Representation of radiative and kinetic mode [36].

1.8 How do clusters accelerate particles?

There are multiple sources and mechanisms that contribute to the production of rela-
tivistic particles within a cluster. One significant source is radio jets associated with
AGN which transport relativistic particles into the ICM. Additionally, the presence of
highly polarized magnetic fields and turbulence within the cluster can lead to Fermi II
acceleration, where particles gain relativistic energies through multiple scattering events.
In ICM, the Reynold’s number is very high ( Re > > 103) which makes it a perfect spot
for turbulence. Turbulent fluctuations arising from continuous accretion processes can
re-accelerate particles, providing a plausible explanation for the presence of radio halos
observed in some clusters. Furthermore, highly magnetized fields within the cluster can
facilitate particle acceleration through magnetic reconnection. Although particles accel-
erated through this mechanism may have lower energies compared to those accelerated by
shocks or other mechanisms, they can still serve as active regions for the re-acceleration of
particles. It is important to note that cosmic ray electrons have a life time of 108 years
and some re-acceleration mechanisms are required to explain their presence on larger
scale. Thus, turbulent sites behave as an excellent site for re-acceleration of cosmic ray
electrons.

The merger and accretion shocks between galaxies, shocks in radio jets, weak merger
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shocks (around Mach 2) during collision of clusters causes Fermi I acceleration of parti-
cles. Inspite of being the most energetic events since Big Bang, cluster-cluster mergers
produce weak shocks. This is due to the fact that speed of sound in ICM is close to
the circular velocity of self-gravitating system producing a weak shock around Mach
1 ∼ 2. Cluster merger shocks can be detected via X-ray observations. The disconti-
nuities in the surface brightness and temperature of X-ray observations highlights the
presence of shocks. Finally, thermal leakage of particles in high energy tail of Maxwellian
distribution into DSA can also accelerate particles.

Figure 1.16: Bullet cluster - galaxy cluster that has collided head on. Chandra X-ray image, shows
the hot intracluster gas (pink) and gravitational lensing due to Dark Matter

present(blue) [37].

1.9 Cosmic rays in clusters of galaxy

Clusters of galaxy are considered to be a storehouse of cosmic rays. As discussed in earlier
sections supernovae explosions, pulsars, AGN, merger shocks produced by gravitational
energy dissipation , accretion shocks (also known as "external shocks") accelerate cosmic
ray particles. Merger shocks are formed during the merging of two clusters with a weak
mach number of M∼ 1.4. This is due to the fact that during collision, the collisional
velocity is the free fall velocity which is given by [19],

vinfall ∼
√

2GM

R
(1.32)
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And the sound speed of the ICM is equal to the circular velocity of a self-gravitating
system,

cs ∼ vcirc ∼
√

GM

R
(1.33)

Therefore, the typical Mach number (M ∼ vinfall/cs) is around 1.4.
Accretion shocks arise from the ongoing accumulation of matter from distant regions,
spanning several Mpcs, towards the central core of the cluster. These shocks generate
powerful disturbances with Mach number greater than 10. It has to be taken into account
that strong shocks formed in less dense region dissipate less energy when compared to
weak shocks formed at the high dense region. A small portion of the kinetic energy flux in
the shock surfaces of accretion shock is transferred to internal shocks that form during
merger events. Even if a small amount of shock dissipated energy can be converted
into non-thermal particles then significant population of cosmic rays must be present,
including cosmic ray protons [1].

Figure 1.17: Distribution of the energy flux at shocks surfaces as a function of the shock-Mach
number from numerical simulations [38]. The units are in 1040 ergs/s (1 + z)3 h3

Mpc−3.

The acceleration time required depends on the time interval between shock crossing of

23



the cosmic rays and is given by [1],

τ ∼ 4DVp

Vshock

(1.34)

where, D is the diffusion coefficient, Vp is the velocity of the particle and Vshock is the
velocity of the shock. Since acceleration time is inversely proportional to shock velocity,
higher the mach number the acceleration time reduces. However ultimately the amount
of cosmic rays in the ICM totally depends on how efficiently these particles are trans-
ported into the ICM.

The formation of cavities within galaxy clusters due to AGN was already discussed
in Section 1.6. These cavities have been observed in approximately one-fourth of the
galaxy clusters surveyed by the Chandra observatory. They possess a significant amount
of energy ranging from 1055 to 1066 erg. These cavities contribute around 1% of the total
energy of the ICM Egas, and their lifetime corresponds to the buoyancy timescale, which
typically ranges from 107 to 108 years. Although the energy of cosmic rays within these
cavities fills a considerable portion, the mechanism by which they are diffused throughout
the entire volume of the ICM remains unclear. The diffusion process may involve convec-
tive and turbulent mixing, with uncertainties regarding the amount of energy retained
by cosmic rays after losses. In the case of low-luminosity AGNs, it is suggested that the
energy distribution occurs more easily through ICM turbulence and the sloshing effect.
Numerical simulations support the idea that approximately half of the AGN’s power is
irreversibly deposited into the ICM in the form of shocks which in turn accelerate the
cosmic ray particles [1].

In addition to AGNs, all galaxies contribute to the cosmic ray content in the ICM
through supernova events. The number of supernovae encountered by an average cluster
since its formation (NSN) can be estimated by examining the metal enrichment in the
ICM, assuming that these metals originate from supernova explosions. Utilizing this in-
formation, we can determine the overall energy budget in the form of cosmic ray protons
(CRp), as they are more effectively accelerated than electrons within supernova remnants
(SNRs). The energy budget of comic rays contributed by supernovae is given by [1],

ESN
CR = NSNηSN

CRESN ≤ [Fe]⊙XclMcl,gas

δMF e

ESNηSN
CR (1.35)

where,

• [Fe]⊙XclMcl,gas is the mass of iron in the ICM ([Fe]⊙ ∼ 4
105 is the iron abundance,

Xcl ∼ 0.35 is the typical metallicity measured in galaxy clusters, Mcl,gas is the
baryon mass of the cluster.
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• δMF e is the iron mass available from single supernova explosion into the ICM.

• ESN ∼ 1051 ergs is the kinetic energy of supernova.

• ηSN
CR is the fraction of SN kinetic energy in the form of CRp.

Assuming the absence of adiabatic losses and the transport of CRp from supernovae to
the ICM, the following represents the anticipated CRp content in galaxy clusters. Eq
1.35 implies a ratio between CRp and thermal energy budget in galaxy clusters as ESN

CR

Egas

∼ 10−3 for δMF e ∼ 0.1M⊙ (typical for a Type II supernovae) and Tgas ∼ 108K [1].

1.10 Energy losses in cosmic rays

There are different ways in which cosmic rays in the ICM can lose their energy. Ionisation
losses, adiabatic losses, synchrotron emission, inverse Compton emission etc.,

1.10.1 Ionisation losses

When high-energy particles, such as cosmic rays, interact with a solid or gas, they can
cause significant damage to the atoms, molecules, and nuclei of the material. These
particles have enough energy to excite or ionize the atoms and molecules they encounter,
leading to various effects. In case of molecular clouds, which are dense regions in space
where stars and planetary systems form, cosmic rays can play a crucial role. Molecular
clouds are optically thick, meaning that radiation has difficulty ionizing the atoms and
molecules within them. However, cosmic rays can penetrate even these dense clouds
and ionize the particles they interact with. For example, when a cosmic ray particle
interacts with a hydrogen atom in a molecular cloud, it can ionize the atom, resulting in
the formation of a positively charged hydrogen ion and a free electron.

CR + H → CR + H+ + e− (1.36)

The ionization caused by cosmic rays is an important process that influences the chem-
istry of the environment. It can initiate various chemical reactions and affect the abun-
dance of different species in molecular clouds. In non-relativistic regime protons lose
their energy faster than electrons as the mass of protons is very high compared to mass
of electrons (protons move slower). The energy loss of proton for one encounter is given
by [19],

∆E = Z2e4

8π2ϵ2
⊙b2v2me

(1.37)

where,

25



• Z is the atomic number of target particle,

• me is the mass of electron,

• ϵ⊙ permittivity in free space,

• b is the impact parameter (shortest distance between the CR and target particle),

• v is the velocity of the particle.

In Eq 1.37 it is observed that as the impact parameter and velocity decreases, the energy
loss of a proton increases. This phenomenon occurs because when the impact parameter
is small and the velocity is low, the proton comes closer to the target particle during the
interaction. The impact parameter can be determined either by classical or quantum
approaches. In the classical approach, the closest approach is when the electrostatic
energy is equal to the maximum energy transfer.

bmin,classic = Ze2

8πε0mev2 (1.38)

In quantum mechanics, the closest approach is provided based on Heinsenberg Uncer-
tainity principle.

bmin,quantum ≈ ∆x ≈ ℏ
2mev

(1.39)

The correct bmin to use depends upon the physical condition of the problem.

bmin,quantum

bmin,classic
= ℏ

2mev
× 8πε0mev

2

Ze2 = 1
zα

(
v

c

)2
= 137v

zc
(1.40)

Thus, for a very high energy particle with v/c >> 0.01, a quantum limit is required and
the energy loss is calculated by Beth-Bloch formula [19].

dE

dx
= Z2e4ne

4πε2
0v

2me

[
ln
(

2γ2mev
2

Ī

)
− v2

c2

]
(1.41)

where, Ī is the ionisation potential and expressed in the Bohr model relating angular
frequency as Ī = ℏω0

2 . Finally the coulomb or ionisation loss timescale is given by [4],

τc = 7934Myr(n/10−3

γ/300 (1.168 + 1/75(ln γ/300
n/10−3 ))−1) (1.42)

When ionization losses are the dominant factor, the energy spectrum is characterized by
N(E) ∝ E−(p−1). Thus, the energy spectrum is flatter by one power in E.
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1.10.2 Synchrotron and Inverse Compton losses

Non-thermal processes play a significant role in indicating the presence of cosmic rays.
One such process involves the energy loss of electrons through synchrotron radiation,
which occurs when charged particles move in the magnetic fields. Electrons, in particu-
lar, emit synchrotron radiation and have a relatively short radiative lifetime. In contrast,
protons do not undergo significant energy loss through synchrotron radiation. This is
because the energy loss rate in synchrotron radiation is inversely proportional to the
mass of the particles. As protons have a much higher mass compared to electrons, their
energy loss rate through this process is considerably lower. Therefore, the detection of
synchrotron emission is often indicative of the presence of cosmic ray electrons [19].

The rate at which cosmic ray electrons lose energy is inversely proportional to the Lorentz
factor(γ) and square of magnetic field [4].

τrad = 7720Myr
(γ/300)[(B/3.25µG)2 + (1 + z)4] (1.43)

where,
z is the redshift.

In the case of a fixed magnetic field strength, the energy loss time for cosmic ray electrons
is primarily dependent on their Lorentz factor. High energy particles have shorter energy
loss time. For extragalactic sources with a Lorentz factor of around 103 and a magnetic
field strength of approximately 10µG, the energy loss time is estimated to be on the
order of 107 to 108 years. If synchroton or inverse Compton losses dominate then the
spectrum becomes N(E) ∝ E−(p+1). The energy spectrum is steeper by one power in E.
In inverse Compton process the photons gain energy at the expense of kinetic energy of
the electron. In SNR, the same electrons responsible for the synchroton emission visible
at X-ray energies can scatter the same photons to ∼ 10 Tev energies via Synchroton
Self-Compton. Along with Eqn 1.20 the rate of energy loss through inverse Compton is
given by [19],

(−dE

dt
)IC = 1 · 10−13(γ)2 + (1 + z)4[J/s] (1.44)
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Figure 1.18: Evolution of spectra over time due to synchrotron losses [39].

Figure 1.19: Energy vs Flux for different processes in a SN remnant [39].

1.10.3 Adiabatic losses

Other channels of energy loss can be verified during adiabatic processes, specifically
during the expansion of a volume of cosmic rays. When electrons are confined within an
expanding bubble, they experience adiabatic losses as they perform work to decrease the
internal energy (U) of the gas. The amount of energy lost during adiabatic expansion
depends on the energy of the particle undergoing expansion as well as the divergence of
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its velocity. The energy loss rate for adiabatic process is given by [4],

(−dE

dt
)adi = −2

3 · E(∇ · v⃗) (1.45)

The adiabatic loss time is calculated by [4],

τadi = 951Myr
∇ · v⃗/10−16 (1.46)

An important expression to understand if the gas is compressing or expanding is given
by [19],

(dγ

dt
)adiab = −3.5 × 10−17γ

∇ · v
[10−16s]−1 (1.47)

From Eq 1.47 the divergence of the vector field, ∇ · v⃗ ≤ 0 it indicates that the gas
is undergoing compression and it becomes a gain term. Finally unlike ionisation and
synchroton losses if adiabatic losses dominate the spectrum is unchanged i.e, N(E) ∝
E−p .

1.10.4 Collisional losses

In collisional losses, cosmic ray particles experience inelastic collisions with lightweight
atomic nuclei, resulting in the generation of a cascade of secondary particles. These col-
lisions occur over an extremely short distance, characterized by the radius of the nucleus,
denoted as Rnucleus, which is equal to 1.2 · 10−15 A1/3 m, with A representing the mass
number of the atom. These interactions occur at energies equal to or greater than GeV.
At such high energy levels, the de Broglie wavelength of the incident particles is smaller
than the separation between two particles within the nucleus.

When cosmic ray particles undergo inelastic collisions near the "front edge" of a nucleus,
a variety of secondary particles such as strange particles or pions can be generated. In
the center-of-momentum frame of the proton-nucleon collision, the majority of pions are
predominantly emitted in the forward and backward directions. However, they may still
possess lateral components of momentum on the order of p ∼ 100 - 200 MeV/c. Both the
nucleons and pions involved in these collisions carry a significant amount of forward mo-
mentum in the laboratory frame. The resulting products of these interactions, including
the pions and other particles, exhibit high energies. This high-energy release initiates a
cascade or shower of particles, where additional secondary particles are generated as a
consequence of the initial collision. These secondary particles possess the capability to
initiate subsequent collisions within the same nucleus, thereby setting off a cascade reac-
tion inside the nucleus. The primary product resulting from this process is known as a
"spallation" fragment. Spallation, induced by cosmic rays, is a fundamental phenomenon
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that occurs when heavy particles interact with cosmic rays while traversing a medium
[40].

Figure 1.20: Galactic cosmic ray relative abundances compared with the Solar System [21].

The process of spallation by cosmic rays in the ISM is a fundamental mechanism that
helps to account for the relative abundances of various heavy nuclei observed in our
galaxy. While the majority of cosmic ray elements exhibit abundances similar to those
found in the Sun, certain nuclei such as Li, Be, and B are considered to be secondary
nuclei formed through the spallation of heavier elements like C and O. Similarly, Mn, V,
and Sc are derived from the fragmentation of Fe. These nuclei are commonly referred to
as secondary cosmic rays, as they are produced through the process of spallation [19].

1.11 Cosmic ray showers

Primary cosmic rays composed of protons and nuclei initiate a hadronic shower by in-
teracting with the nuclei of the atmosphere after traveling an average distance of one
interaction length λ. The hadronic cascade solely depends on λ, which is inversely pro-
portional to the the interaction cross-section (σ ) and the number density (n), λcm = 1

nσ
.

This equation is usually multiplied by the number density [41]:

X[g/cm2] = ρ

nσ
= Amp

σ
(1.48)

The nuclear interaction length for a nucleus with mass number A multiplied with the
mass density is called "grammage" or atmospheric depth. For σ ≈ 45 mb and ρ ∼ 0.1
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kg/m3, we have λ ∼ 1 m and X ∼ 0.1 kg/m2. The secondary hadrons generated in the
atmospheric cosmic ray shower, deposit energy through two main mechanisms. Firstly,
they interact with the medium and cause ionization or excitation of the surrounding
atoms or molecules, leading to the energy deposition. Secondly, these secondary hadrons
undergo successive interactions with nuclei present in the medium, resulting in the pro-
duction of lower energy hadrons. These interactions can yield various types of hadrons,
including charged pions, neutral pions , charged kaons (K+/−), neutral kaons (K0), pro-
tons, and neutrons. Each of these particles carries a portion of the initial energy of
the primary cosmic ray and contributes to the overall energy deposition in the medium
during the cosmic ray shower.

Figure 1.21: Showers of cosmic ray reactions with particles of the atmosphere [42].

Nuclear interactions are very common in Earth’s atmosphere as it is one of the most
densest environment that cosmic rays enter.
During the cascade of an atmospheric cosmic ray shower, neutral mesons decay into
a pair of gamma rays immediately. High-energy photons traverse through matter and
each photon can again convert into an electron-positron pair known as pair production.
Each electron (or positron) in this pair is capable of emitting energetic photons through
bremsstrahlung. Thus, a chain reaction of photon conversions and subsequent pair emis-
sion occurs within the cascade. It clearly signifies that along with hadronic shower we
also have electromagnetic shower. The electromagnetic cascade persists until the ener-
gies of the leptons involved decrease below a critical energy threshold Ec. At this point,
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electrons primarily lose their energy through the process of excitation and ionization
within the medium [41]. This phenomenon also occurs in the ICM, which is connected
to the generation of gamma rays studied in this thesis.

Figure 1.22: Energy fraction remaining with respect to atmospheric depth for various particles
following cosmic shower [39].

1.12 Energy loss by high energy cosmic rays

Ultra-high-energy cosmic rays (UHECRs) with energies significantly exceeding 1018 eV
propagate across cosmological distances (>> 100Mpc ) and exhibit minimal deflection
when encountering extragalactic magnetic fields. These cosmic rays with energies ex-
ceeding "the ankle" in the power-law distribution are thought to originate from sources
outside our own galaxy. This conclusion is drawn from the observation that these cosmic
rays have gyro radii larger than the height of our galaxy. As a result, they must be
generated by extra galactic sources rather than originating solely from our galaxy. They
have a spectrum I(E) ∝ E−3.1 which is stepper than that of galactic cosmic rays [43].
Possible sources for UHECRs are proposed based on Hillas criterion. According to the
criteria the maximum energy that can be obtained depends upon atomic number of the
particle, magnetic field and their gyro radius [19].

Emax ≈ 1021eVZc

(
R

1Mpc

)(
B

µG

)
(1.49)

The natural solution that satisfies Hillas criterion are relativistic jets, launched by both
GRBs and AGNs. These UHECRs experience energy losses when they propogate through
space by several mechanisms:

• When UHECRs travel through cosmic voids, they can undergo pion-production
interactions with the photons of the CMB.
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• Adiabatic energy losses occur due to the expansion of the Universe. As UHECRs
traverse through the expanding space, they experience a decrease in energy.

• Pair production is another energy loss mechanism, resulting in the creation of
electron-positron pairs.

1.12.1 Pion-production

The UHECRs possess exceptionally high Lorentz factors, causing the photons of the
CMB to have extremely high energies when observed in the rest frame of the cosmic ray.
As a result, photo-pion and photo-pair production become viable processes for UHECRs
due to the significant energy available in the CMB photons. The different ways in which
photon-pion production can take place are [41],

γCMB + p → ∆+ → n + π+ (1.50)
γCMB + p → ∆+ → p + π0 → p + γ + γ (1.51)
γCMB + p → ∆+ → p + Nπ (1.52)

The reactions are mediated by the creation (and quick decay) of ∆+ baryons.
When a proton is subjected to bombardment by high-energy gamma rays, pions are
produced. The threshold for this process is ϵt = 200MeV, and the cross section is
σγp ≈ 250µb. In the cosmic ray reference frame, the energy of the photon is given by
ϵ = γ⟨ϵCMB⟩

(
1 + v

c
cos θ

)
.

For v ≈ c and cos θ = 1, we need to have γ ≥ 1.7 × 1011 in order to satisfy ϵ ≥ ϵt.
Such a high Lorentz factor can be produced only at E = 5 × 1019 eV (after considering
full CMB spectrum and angular dependancies) which sets the threshold condition for
pion-prodution.

1.12.2 Pair-production

During the propagation in the CMB, electron-positron pairs can be produced through
the process [41]:

p + γCMB → p + e− + e+ (1.53)

The threshold for pair production is approximately 200 times lower than that of the
photo-pion mechanism. Therefore, it becomes significant even for gamma-ray energies
on the order of γ ∼ 109 for cosmic rays (specifically, for protons). This process removes
only ∆E/E ∼ 10−3 per scatter, hence the loss timescale is longer than pion-production.
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Figure 1.23: Comparison of the relative contributions of the three loss processes for UHECRs as a
function of energy (for a proton) [19].

1.12.3 GZK cut off

The number density of CMB photons is given by, nγ ≈ 500/cm3 = 5 × 108/m3. The
mean free path for a single scattering is λ = (nγσγp)−1 ≈ 1023 ≈ 3 Mpc [19].

From the above data we can calculate the maximum distance an UHECR can travel
before losing all of it’s energy. The fractional energy loss during every collision for an
UHECR is ∆E/E ∼ 1

10 (mπ/mγ), which means UHECR proton entirely loses it’s total
energy in ∼ 10 scatters in a distance of L ∼ 30 Mpc or after propagation time of ∼ 108

years. This limitation is known as GZK cut-off. As a consequence, UHECRs originating
from distances beyond the GZK cutoff are unable to reach us. For UHECR protons, the
cutoff distance is approximately 30 Mpc. Heavier nuclei have even larger cutoff distances,
for example, iron has a cutoff distance of 80 Mpc [19].

1.13 Hadronic gamma ray emission of cosmic ray
protons

This thesis centers around an in-depth exploration of hadronic gamma-rays originating
from galaxy clusters and its constraints. To comprehensively comprehend the constraints
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associated with gamma-ray emissions within these clusters, it is important to understand
the mechanisms governing the production of gamma-rays via hadronic emission. Two
primary processes contribute to the generation of gamma-rays: hadronic and leptonic
emissions. In the context of leptonic emission, high-energy electrons drive the pro-
cess through inverse Compton scattering of synchrotron radiation, ultimately yielding
gamma-ray emissions. Hadronic emission involves a distinct process wherein cosmic ray
protons engage in inelastic collisions where,

p + p → π+/− + π0 + anything (1.54)
π+/− → µ+/− + νµ (1.55)
µ+/− → e+/− + ν̄µ + νe (1.56)

π0 → 2γ (1.57)

In hadronic collisions, both charged and neutral pions are produced. The charged pions
subsequently undergo decay, resulting in the formation of muons and muonic neutrinos.
These muons then further decay into electrons, anti-muon neutrinos, and electronic neu-
trinos. On the other hand, the neutral pions, formed during the hadronic collision, are
unstable and have an extremely short lifetime of 8.4 × 10−17 s. They rapidly decay into
two gamma rays. Approximately in one-third of the systems, the predicted gamma rays
from the neutral pion decay should exceed the observation limits of the FERMI tele-
scope. This thesis thoroughly investigates this aspect, analyzing whether any limitations
exist in the generation of gamma-rays within galaxy clusters.

1.14 Constraints on gamma ray emission in clusters

Despite successful gamma-ray detections from individual sources within galaxy clusters,
such as radio galaxies NGC 1275, IC 310 in the Perseus cluster and M87 in the Virgo
cluster, the search for the first direct detection of high-energy gamma rays specifically
from the ICM of galaxy clusters is still ongoing Ackermann et al (2014). As discussed in
the earlier sections, the identification and study of gamma rays induced by cosmic rays
within galaxy clusters hold significant importance. They provide valuable insights into
the physical heating mechanisms associated with the feedback from AGNs as well as into
CR re-acceleration processes.

Radio observations provide evidence of the presence of numerous cosmic ray electrons
within galaxy clusters. However, the absence of detectable gamma rays raises uncertain-
ties regarding the presence of cosmic ray protons. The acceleration of relativistic protons
is expected to be equally, if not much more efficient than that of electrons in accretion
and merger shocks. As mentioned in the earlier Section 1.13 gamma rays are anticipated
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to be generated through inverse compton scattering by cosmic ray electrons and through
inelastic proton-proton collisions by cosmic ray protons. The upscattering of secondary
leptons are considered to be subdominant when compared to gamma rays produced by
decaying neutral pions in the ICM [44]. This factor stands as a motive to focus the thesis
exclusively on the study of hadronic emission and its constraints. Recently gamma-ray
emission has been reported in the Coma cluster using the Fermi-LAT instrument. The
reasons behind the lack of gamma-ray detection in other clusters remain unclear.

Figure 1.24: On the left the Coma cluster in radio (LOFAR [45]), on the right in gamma rays
(FERMI [46]).

Considering the significantly long radiative lifetime of protons, which exceeds several
billions of years, and their relatively slow diffusion into the ICM, galaxy clusters act as
an efficient reservoir for the storage of cosmic ray protons. The accumulation of cosmic
rays within clusters over cosmological timescale implies the presence of a considerable
population of relativistic particles within the ICM [4].

One of the deepest upper limit of gamma ray flux from clusters is given by FERMI-
LAT obeservations. The analysis of the upper limit is described in detail in Ackermann
et al (2014). It was analysed utilizing a data set spanning 4 years of all-sky observa-
tions from the Fermi-LAT detector to investigate high-energy gamma-ray emission from
50 X-ray luminous galaxy clusters. Later analysis with longer integrations by FERMI
have only slightly lowered these limits. The analysis focused on determining the upper
limit of the flux and classifying the clusters. The study specifically considered hadroni-
cally induced gamma rays originating from the ICM. To constrain the normalization of
a common scale factor among the clusters, which is expected to describe the gamma-ray
luminosity of the ICM, a joint likelihood analysis was employed. By performing this
analysis and combining the data from multiple clusters, the potential gamma-ray emis-
sion from the ICM was understood and constraints on the scale factor that characterizes
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the gamma-ray luminosity in relation to the clusters’ properties were established.

In Figure 1.25 there are two cases, contrasting the individually derived gamma - ray
flux limits for extended emission from those derived when assuming the cluster emission
to be point-like. These upper limits were derived to establish boundaries on the gamma-
ray flux and provide insights into the behavior of cosmic rays within the studied system.
In Fig 1.26, the upper limits of individual gamma-ray flux for two distinct cosmic ray
profiles were compared. The first profile, characterized by a constant XCR (the ratio of
CR pressure to thermal pressure), corresponds to the ICM model. The second profile
represents a constant PCR (CR pressure) and is associated with the flat model. The
flux limit was also caried for different kinds of clusters like Cool Core cluster, Non-Cool
Core cluster (Fig 1.27). Thus, by examining these upper limits and comparing different
models and cluster types, we can refine our understanding of gamma-ray flux behavior
and its connection to cosmic ray dynamics within diverse cluster environments.
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Figure 1.25: Shown are the 95% upper limits on hadronic CR-induced gamma-ray flux for 50 galaxy
clusters in this analysis. The individually derived upper limits for both the extended
emission (red downward triangle) and assuming the cluster emission to be point-like

(blue circle) [2]).

38



Figure 1.26: Same as fig 1.25 but for spatial CR profiles following a constant XCR profile (CR to
thermal pressure ratio) (ICM model, red squares) and a constant PCR profile (flat

model, green stars). To allow for an easier comparison, we show the limits from the
baseline analysis Fig 1.25 in horizontal gray lines [2]).
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Figure 1.27: Individual 95% upper limits on XCR for 50 galaxy clusters in this analysis assuming the
jointly derived scale factor. The analysis for the full sample (blue diamond), CC

clusters (red downward triangle), and NCC clusters (green circle). The dashed lines
represent the median upper limit for the combined (blue) while the median upper limits

for CC and NCC are the same (shown in black) [2]).

Through a comparison between the upper limits and simulated scenarios, we can deter-
mine the highest allowable CR budget within the ICM in relation to the thermal gas
pressure. FERMI limit constraints the PCR/Pgas ratio to be ≤ 1%. In many systems,
this is lower than what was predicted by early simulations. Therefore, a more refined
view of particle acceleration by shocks for example Particle In Cell (PIC) simulations
was attempted. In PIC simulation the acceleration efficiency not only depends on shock
strength but also on its obliquity (the angle between shock normal and local magnetic
field). It was reported that cosmic ray protons are mostly injected by shocks with a
parallel alignment, while cosmic ray electrons require a more perpendicular alignment.
In case of quasi parallel alignment(M > 2.25) the gamma ray flux didn’t drop down sig-
nificantly and should be still detected by FERMI. Only in case, if we add an additional
condition of obliquity such that θ < 45◦ (M> 2.25) the predicted gamma ray flux drops
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below the FERMI limits (Wittor et al (2020)).

This thesis takes a distinct approach to constrain cosmic ray protons by primarily fo-
cusing on the AGN source of these relativistic particles. The study centers around radio
jets, which inject relativistic particles into the ICM. Through the utilization of various
jet simulations, lagrangian tracers are employed to track the diffusion of cosmic rays
from the radio jets into the ICM. One of the simulations involves multiple radio galaxies,
resulting in a larger mixing of relativistic particles into the ICM with increased power.
By comparing the obtained observational results from the Fermi LAT Satellite, it be-
comes possible to tentatively constrain the initial conditions of the radio jets. Thus, it
constraints the energy content of cosmic rays within the radio jets.

1.14.1 The Neutrinos from the ICM

In addition to gamma rays produced through the decay of unstable pions resulting from
hadronic collisions, neutrinos are also generated. As an additional aspect of the study,
in this thesis I compare the predicted neutrino production in the cluster to the obser-
vations made by the IceCube Neutrino Observatory. Considering that the comparison
involves the emission from a single cluster with a few radio galaxies to a diffuse emis-
sion, it is expected that the predicted neutrino flux will be considerably lower than what
has been detected by IceCube. The neutrino emission analysis conducted in Ha et al.
(2020) serves as a reference for a similar study. There the neutrino flux was obtained
in a simulated galaxy cluster using a particle-mesh/Eulerian cosmological hydrodynamic
code with a ΛCDM cosmology model of baryon density Ωbm = 0.044, dark matter (DM)
density ΩDM = 0.236, cosmological constant ΩΛ = 0.72, Hubble constant parameter h
= 0.7 (Fig 1.28). In this paper, DSA model was used to model the injection of CRs.
Initially, the CRp are generated through fresh-injection of DSA at ICM shocks within
the simulated cluster samples. Subsequently, under the assumption that these CRp per-
meate the cluster volume as pre-existing particles, a simplified re-acceleration model is
adopted where enhancement in CRp energy resulting from the successive interactions of
the ICM plasma with shocks.

According to the results of Ha et al. (2020) the anticipated levels of neutrino flux
originating from neighboring clusters are notably lower, by a factor of 104, than the neu-
trino flux observed by the IceCube experiment at an energy of 1 PeV. Moreover, these
predicted neutrino fluxes are even more reduced, by approximately 106, in comparison
to the flux of atmospheric neutrinos within the energy range of ≤ 1 TeV. Due to these
significantly diminished predicted fluxes, the prospects of detecting these neutrinos using
ground-based facilities like IceCube, Super-Kamiokande, and future Hyper-Kamiokande
appear improbable. The suggested explanation for the differences in the neutrino flux
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obtained is possibly due to the relatively low efficiency of the DSA model, in addition to
the methodologies applied to model the CRp spectrum in Ha et al. (2020) .

Other notable results to be considered include Murase et al. (2008) and Murase et al.
(2013) conducted estimations of neutrino emissions arising from CRp generated at AGNs
and SNRs within the ICM and galaxies within the cluster. The presence of AGNs can
introduce additional neutrino signals compared to cluster shocks. This complexity can
arise either due to AGNs emitting neutrinos within the PeV–EeV energy range themselves
or by injecting CRs that generate neutrinos independently of cluster shock interactions.
According to the findings of Murase et al. (2008), the outcomes suggest that the event
rates necessary to detect energies exceeding 0.1 PeV should be between 2-5 yr−1 for the
different models considered. This inference significantly points to the prospective ability
of forthcoming telescopes to find multi-PeV neutrino signals that originate from clusters
of galaxies. But more realistic evaluations are needed, considering inhomogeneous struc-
ture of accretion and merger shocks, the magnetic field distribution inside and outside
the clusters of galaxies. Also, the way CRs are confined can potentially reduce the CR
flux while simultaneously leading to an increase in the neutrino flux Murase et al. (2008).

Conversely, Zandanel et al. (2015) and Murase et al (2016) proposed a different per-
spective, suggesting that the primary sources of CRp contributing significantly to the
IceCube neutrino flux with energies below approximately 10 TeV are not due to the ICM
shocks or the accretion shocks surrounding clusters. With the simulation parameters
and model considered in Zandanel et al. (2015) when the value of αp exceeds 2, the
background levels of gamma-rays and neutrinos in all the scenarios under consideration
remain below 1% of the gamma-ray and neutrino fluxes that have been observed by
Fermi and IceCube respectively.
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Figure 1.28: Predicted neutrino fluxes from nearby clusters. For the CRp distribution, the model
with a spectral index of 2.4 and δ =0.75 is used. The gray box denotes the IceCube flux

(Aartsen et al. 2014), and the black solid and dashed lines draw the fluxes of
atmospheric muon and electron neutrinos (Richard et al. 2016)[48])

Thus, we have diverse outcome from different simulation parameters. In my thesis, I
intend to concentrate producing revised estimates of the neutrino productions from CRp
injected by radio galaxies in clusters of galaxies, and re-accelerated by pressure per-
turbations (shocks and turbulence). This involves investigating how neutrinos will be
generated under different conditions, such as a single radio galaxy, single radio galaxy
with varying power and multiple radio galaxies. The aim is to potentially yield im-
proved findings for scrutinizing neutrinos and conducting a comparative analysis with
the IceCube observations.
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Chapter 2

Methodology

The approach of the thesis is explained in this chapter. The methodology is divided into
two main parts, as explained below:

The first section explains the simulation Dataset (Section 2.1). In this section, the focus
is on studying the simulation used to generate the dataset for analyzing the gamma ray
and the neutrino flux. The simulation process and relevant parameters are examined in
detail to understand how the dataset was obtained. In the second section mathematical
modelling and numerical analysis (section 2.3) is carried out. This section delves into
the comprehensive calculation of the gamma ray and the neutrino flux. The methodol-
ogy for computing these flux values is described in depth, incorporating mathematical
models and employing numerical analysis techniques. Furthermore, in Section 3, the
obtained flux is critically analyzed in conjunction with the observational data. This
analysis aims to provide insights into the flux characteristics, compare the findings with
existing observations, and constrain the results within the observational limits.

2.1 Simulation dataset

Single radio galaxy

The mathematical modeling for a single radio galaxy is based on the results obtained
from the simulation in Vazza et al (2021) A&A and Vazza et al (2023) A&A with the
following conditions:

A cosmological, Adaptive Mesh Refinement (AMR) ENZO [53] simulation based on the
magnetohydrodynamical (MHD) solver with a Lax-Friedrichs (LLF) Riemann solver to
compute the fluxes in the Piecewise Linear Method (PLM), combined with the Dedner
cleaning method [54] implemented by Wang et al (2009). The simulation is initiated
from a simple uniform magnetic field at a redshift z = 50, with an initial magnetic field
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value of B0 = 0.1 nG in each direction.

The simulation encompasses a total volume of (50Mpc/h)3, which is discretized with
a root grid consisting of 1283 cells and dark matter particles. To achieve higher reso-
lution in specific regions of interest, a nested grid approach is adopted. This involves
four nested regions, each successively refining the spatial resolution, ultimately converg-
ing to a smaller volume of (4Mpc/h)3, where a cluster with a mass of approximately
1.5 × 1014M⊙ forms. In this refined cluster region, the spatial resolution is uniform, set
at ∆x = 24.4kpc/h. Furthermore, during the simulation runtime, two additional levels
of mesh refinement are implemented using a local gas/dark matter overdensity criterion,
specifically ∆ρ/ρ ≥ 3. This adaptive refinement strategy allows the simulation to reach
a maximum resolution of about ∼ 6kpc/h, equivalent to ∼ 8.86kpc. Consequently, due
to the nested grid approach, the mass resolution for dark matter in the cluster forma-
tion region is MDM = 2.82 × 106 M⊙ per dark matter particle for the highest resolution
particles utilized since the start of the simulation.

2.1.1 AGN and radio jets

All the simulations presented in this study are non-radiative and differ only in the feed-
back power of AGN bursts. The injection of jets and relativistic electrons in this simu-
lation set occurs at redshift z = 0.5. Radiative cooling is neglected in these simulations,
and there is no self-regulating mechanism to switch the feedback cycle on and off. The
primary objective of the simulations is to study the interplay between thermal and mag-
netic feedback mechanisms around a SMBH. The SMBH is situated at redshift z = 0.5
and is positioned at the center of mass of a galaxy group with a mass of approximately
∼ 1014M⊙. To govern the SMBH’s accretion of matter from the surrounding cells, the
Bondi-Hoyle formalism is employed.:

ṀBH = 4παBG2M2
BHρ

c3
s

, (2.1)

where MBH is the mass of the SMBH, ρ is the surrounding gas density, αB is a dimen-
sionless factor, G is the gravitational constant, and cs is the sound speed. For different
values of αB we have different power being produced.

Due to the limited resolution achievable and the absence of radiative cooling in the
simulations, a boost factor denoted as αB is introduced. This boost factor is intended to
account for clumpy accretion, which cannot be fully resolved due to the finite spatial res-
olution in this method. By incorporating the αB factor, the simulations aim to capture
the effects of clumpiness in the accretion process, which would otherwise be challenging
to represent accurately at the available resolution level.
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Table 2.1: Main jet parameters for the Initial Run A as a function of the assumed αB (boost factor)
in the Bondi accretion mode Vazza et al (2021) A&A.

Parameter Run A
zjet 0.5
MBH [M] 109

αB 10
ṀBH [M/yr] 1.0 × 10−7

tjet [Myr] 10
LBH [erg/s] 1.7 × 1045

Ekin,jet [erg] 2.6 × 1056

Eth,jet [erg] 1.2 × 1057

Emag,jet [erg] 1.6 × 1056

Bav,jet [µG] 1.4
Bmax,jet [µG] 3.9
vav,jet [km/s] 630

Initially, the simulation considers the boost factor αB to be 10, and the parameters
mentioned in Table 2.1 are used. In this Run the SMBH releases thermal and magnetic
energy feedback for 10 Myr [4]. To gain a deeper understanding of the impact of the
boost factor and different jet powers, a second set of re-simulation explored five differ-
ent sets of αB values: 1, 3, 10, 30, and 50. These variations are studied with a jet
injection phase of 32 Myr. At the beginning of the simulation, the jets are composed

Table 2.2: Main jet parameters for the runs as a function of the assumed αB (boost factor) in the
Bondi accretion mode Vazza et al (2023) A&A.

Parameter Run Run 0

B C D E F

αB 1 3 10 30 50 0
Pj [erg/s] 3 × 1043 9 × 1043 3 × 1044 9 × 1044 1.5 × 1045 0
ṀBH
ṀEdd

0.002 0.006 0.02 0.06 0.1 0
Bav,j [µG] 28.6 70.1 66.4 70.4 41.5 0
Tav,j [K] 1.5 × 107 3.6 × 107 1.8 × 108 4.3 × 108 5.8 × 108 0
vav,j [km/s] 260 1754 2750 3888 4215 0
vmax,j [km/s] 424 2567 4355 10286 7943 0
NCRe 2.7 × 1064 3.9 × 1064 6.7 × 1064 9.9 × 1064 1.2 × 1065 0

of thermal and magnetic energy exclusively. Subsequently, around 32 Myr after the in-
jection, a rapid injection phase, the combined thermal and magnetic pressure results in
the emergence of strong outflows. To prevent any interference with the dynamics of the
jets, the tracers are incorporated during the post-processing stage. In the simulation,
we add approximately 104 to 105 tracers. In all simulations, we observe that after the
injection phase lasting approximately 32 Myr, the kinetic, thermal, and magnetic energy
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within the jet region are very close to equality, with the energy components satisfying
Eth ∼ EB ∼ Ekin ∼ Ejet/3. In reality, the cosmic-ray component is expected to play a
significant role in the internal pressure of radio jets embedded in clusters [56]. However,
in this simulation, we track cosmic-ray particles as a passive fluid, with no contribution
to the dynamical pressure. It should be noted that in all the runs the jet orientation
remains the same and in Vazza et al (2023) A&A it was proved that jet orientation does
not have any impact on the long term evolution of the ICM.

The SMBH feedback is applied at each root-grid timestep, which is ∆t ≈ 32 Myr at
the epoch of activation (z = 0.5). The corresponding values of total power released
by both jets, Pj = ϵrϵBHṀBHc2, are given in Table 2.2. Due to the variations of αB

the power ranges from 3 × 1043 erg/s to 1.5 × 1045 erg/s. These values are compatible
with the range typically inferred from the modeling of FRI radio galaxies in clusters and
groups and are also within the power range that single sources in clusters can produce
in multiple events [57].

2.1.2 Lagrangian tracer particles

The passive Lagrangian tracers used to simulate electron and proton spectra were injected
only once in each run. The Lagrangian code CRaTer was used to follow the spatial
evolution of the cosmic-ray proton and electron in the runs. In post-processing, 104 ∼ 105

particles in the jet region at z = 0.5 with a mass resolution mtrac = 5 × 105M⊙ were
injected, and evolved them using all snapshots of the simulation for ∼ 100 timesteps.
The various grid quantities like density and velocity, are assigned to the tracers using a
cloud-in-cell (CIC) interpolation method.
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Figure 2.1: RGB rendering of the evolution of thermal gas and passive tracers (marking relativistic
electrons/protons injected by jets) in the runs. The red colour marks the density of

passive tracers, the blue the gas temperature and the green the X-ray emission. Each
panel has a side of 5.5 Mpc (comoving) [3].

2.2 Multiple radio galaxies

In my thesis, I explore not only single radio galaxies but also the effects of multiple radio
galaxies and establish constraints on the cosmic ray energy content associated with these
multiple radio galaxies. The mathematical modeling of multiple radio galaxies is based
on the results obtained from the simulation in Vazza et al (2023) Galaxies, with the
following conditions:

Multiple radio galaxies follows the same principles and parameters as those used for
a single radio galaxy. In both cases, we inject thermal and magnetic energy into the jets,
and shortly after the injection phase, the thermal and magnetic pressure drive powerful
outflows. The Lagrangian tracers, which simulate the electron and proton spectra, are
injected only once during the epoch when jets from the radio galaxies are released.The
bolometric luminosity of each SMBH is given by the standard formula LBH = ϵr

˙MBHc2,
where ϵr = 0.1 is the radiative efficiency of the SMBH. This is used to compute the jet
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power released in the feedback stage (which only lasts, by construction, one root grid
timestep, i.e., ∼ 32 Myr) as Pj = ϵrϵBH

˙MBHc2, where ϵBH is the factor that converts the
bolometric luminosity to the thermal feedback energy (ϵBH = 0.05).

The spatial distribution of radio galaxies within the model is a critical factor that sig-
nificantly influences the trend of gamma-ray flux produced. The model comprises one
dominant and powerful radio galaxy (A) situated at the central region of the cluster, ac-
companied by four additional radio galaxies positioned in the peripheral region (Fig 2.3).
During the initial phase (z = 0.5 ∼ 0.4), it is primarily the central powerful radio galaxy
that transports tracers into the ICM. The power generated by the jets is not sufficient
to propel the tracers to far distances. Instead, they accumulate within bubbles created
by the activity of each radio galaxy and subsequently diffuse into the surrounding ICM.
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Figure 2.2: Red-green-blue composite images showing the evolution of simulated cluster of galaxies,
and of the location of electron tracers injected by the simulated (5) radio galaxies. Each
image is 5 × 5 Mpc2 across. They show the mass-weighted gas temperature projected
along the full line of sight (blue), the projected gas density (green) and the location of

the electron tracer, regardless of energy (red). From the top left to the lower right panel,
the redshifts are z = 0.493, 0.452, 0.382, 0.201, 0.102, and 0.032 [6].

By properly modelling the synchroton radiative emission for the injected relativistic elec-
trons, Vazza et al (2023) Galaxies showed that following the initial intense phase of jet
emission, only a small amount of radiation from the injected electrons is observable at
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Table 2.3: Main parameters of SMBH and jet/radio power associated with the jets they emit Vazza
et al (2023) Galaxies.

ID MBH [M⊙] ṀBH
ṀEdd

Pj L140 ergs/s/Hz

A 8.7 × 108 0.0026 1.4 × 1043 3.2 × 1032

B 3.5 × 107 0.0004 1 × 1041 1.6 × 1031

C 1.4 × 107 0.0004 1.1 × 1040 5.3 × 1030

D 1.3 × 107 0.0007 1.3 × 1039 2.9 × 1031

E 8.1 × 108 0.0004 7.1 × 1038 1.9 × 1031

radio frequencies. The visible emission is primarily from the elongated remnants of the
jet lobes. These remnants have started to blend and mix within the innermost cluster
atmosphere.

The observable structures are predominantly filamentary and patchy, with lengths of
up to 500 kpc, until z = 0.38. After this period, there is no significant detection of radio
emission. This is because of the well known fact that the lifetime of cosmic ray electron
is around 108 years. However, "fossil" electrons, continue to mix and disperse. At later
stages e.g., z ∼ 0.37, 0.26, 0.21 some patches of electrons that encounter shock waves or
turbulence get re-accelerated and become visible again Fig 2.4. These events are often
triggered by accretion of substructures. These accretion events can release pairs of weak
(M ≤ 3) shock waves and induce new subsonic turbulence in the central region of the
main cluster. This great significance due to the predominant role of turbulent and shock
re-acceleration processes in one of the cosmic ray evolution model studied in the up-
coming section of the thesis. For this thesis, I have analysed the new simulated spectra
of cosmic ray protons evolved onboard of the same tracers, in all simulations presented
above, which were so far used only to study cosmic ray electrons instead.

CR protons are initially assumed to be in equality with magnetic field energy in jets,
ECRp = EB. Spectra are then evolved under the effect of ionisation and coulomb losses,
adiabatic changes (Np1 model) and also including the re-acceleration by shocks (Fermi
I) and turbulence (Fermi II) following the model by Brunetti & Vazza et al (2020).

From the simulation, the spectra of cosmic ray protons is being evolved and further anal-
ysis are carried out. In the case of multiple radio galaxies, a higher number of tracers
are transported into the ICM compared to a single radio galaxy simulation. However,
apart from this difference, there are overall similarities between the two simulations.
Both simulations involve the evolution of Lagrangian tracers and are subjected to two
different models. In the first model (Np1), the jets directly transport the tracers into
the ICM without any additional processes. In contrast, the second model (Np2) incorpo-
rates re-acceleration effects due to shocks and turbulence. This means that in the second
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model, some of the tracers experience re-acceleration when they encounter shock waves
or turbulence, leading to additional emission and to the flatenning of CR spectra.

Figure 2.3: Evolution of the X-ray surface brightness (grey colours) and of the detectable radio
emission at 50 MHz with LOFAR LBA for all electrons seeded by radio jets at z = 0.5

and later re-accelerated by shocks and turbulence [6].
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Figure 2.4: Evolution of the X-ray surface brightness (grey colours) and of the detectable radio
emission at 50 MHz with LOFAR LBA for z ≤ 0.4, for all electrons seeded by radio jets

at z = 0.5 and later re-accelerated by shocks and turbulence [6].

2.3 Mathematical modelling and numerical analysis

To compare our cluster simulations to observations, I can compute the expected hadronic
γ-ray photon flux from the formula [59],

Fγ =
∫

qγ(r, Eγ)dEγdV (2.2)
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with function qγ from Pfrommer & Enßlin (2004),

qγ(r, Eγ) ≃ σppcnN(r)(ñCRp(r)) × 24−αγ

3αγ

(mπoc2

Gev
)−αγ [( 2Eγ

mπoc2 )δγ + ( 2Eγ

mπoc2 )−δγ ]
−αγ

δγ (2.3)

where,

• σpp is 32(0.96+ e4.4−2.4αγ ) is the effective cross section for proton-proton collision
in mbarn;

• c is the speed of light;

• nN = ne(r)/1 − 0.5XHe is the target number density (ne(r) is the electron number
density taken from simulation and XHe = 0.24 is the fraction of helium;

• αγ = 4(αp − 0.5)/3 is the γ spectral index;

• mπo is the mass of pion;

• δγ = 0.14α−1.6
γ + 0.44 is the shape parameter;

• ñCRp is the cosmic ray density.

In my thesis I produced new code implementations, in the Julia language, to efficiently
compute the resulting gamma-ray flux for each simulation and at all simulated epochs,
for a variety of plausible model described in Section 2.1. With the observational results
obtained from Fermi LAT Satellite, I tentatively constrain the initial amount of CRp in
radio jet. This approach promises to be a powerful theoretical tool to combine observed
radio properties of diffuse radio sources in clusters of galaxies, and constraints from
gamma-rays, to better understand the composition of jets from AGN and their feedback
activity in the ICM.

I integrate over the energy range Eγ= [0.5, 200] GeV to get the final flux in ph/s/cm2.
Absolute flux is calculated to compare the simulated flux with observation flux of clusters
at different distances. In the analysis along with the σpp in Eqn 2.3, I also employed alter-
native cross-section formula from Kelner et al (2006) to make comparisons and identify
the most realistic one.

σpp =
1.0 −

(
1.22

Eproton

)4
2

· (34.3 + 1.88 · L + 0.25 · L2) mb (2.4)

where, L = ln(Eproton/Tev). The simulations which I analyzed typically contain 104 ∼
105 tracers, which sample the cosmic ray electrons and protons spectra within 90 energy
bins. Instead of using a constant spectral index over the entire energy range, the inte-
gration was performed using spectral index predicted by the Fokker-Planck evolution of
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the CR spectra and the respective shape parameter and γ spectral index was used. The
analysis is conducted for both the evolutionary models as discussed in the Section 2.1.
In my modeling, I not only calculate the gamma-ray flux but also separately focus on
determining the neutrino flux. I perform distinct mathematical modeling and analysis
to understand the production and propagation of neutrinos in the system. To calculate
the produced neutrino flux, I utilize the gamma-ray flux from Equation 2.3 and compute
it by applying the following equation [48]:

Fν = qγ × (Zνµ + Zνe) (2.5)

where,

Zνµ = 4 · (3 − 2 · kk − kkαγ · (3 − 2 · kk + αγ − kk · αγ))
αγ · (1 − kk)2 · (αγ + 2) · (αγ + 3) + (1 − kk)αγ−1 (2.6)

Zνe = 24 ·
(

(1 − kk) · αγ − kk · (1 − kkαγ )
αγ · (1 − kk)2 · (αγ + 1) · (αγ + 2) · (αγ + 3)

)
(2.7)

kk =
m2

µ+/−

m2
π+/−

= 0.573 (2.8)

The upper flux limits obtained from FERMI observations, as discussed in Section 1.14,
serve as an important benchmark for my simulations. I use these limits to compare and
analyze the simulated gamma-ray flux in order to gain insights into the physical processes
governing cosmic ray protons and their diffusion into the ICM over time. My thesis also
focuses on aging of tracers i.e, the different ways in which the tracers can lose their energy
while diffusing into the ICM. Losses due to ionisation, radiation, advection is taken into
consideration. The final energy loss of a tracer depends on both loss mechanisms and
the energy gain obtained from turbulent re-acceleration.
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Chapter 3

Results and discussions

3.1 Single radio galaxy

This section examines the hadronic gamma ray flux generated by a single radio galaxy,
based on the properties of Run A described in Table 2.1. It is similar to Run D param-
eters in Table 2.2 but with a SMBH with a jet injection phase of 10 Myr.

Initially, I provide an overview and analyze the plots to identify their general trends.
I then address open questions pertaining to various cross-sections, spectral index varia-
tions, and different models.

• In Sections 2.3 and 2.1.2, two different models with distinct cross-sections were
discussed. Figure 3.2, 3.3, and 3.6 present the results, indicating that the Np2
model produces slightly higher flux than the Np1 model. This discrepancy can be
attributed to the re-acceleration mechanism, which boosts the energy of the tracers
and consequently enhances the gamma-ray flux in the Np2 model.

• Furthermore, when comparing Figure 3.2 and 3.3, it becomes evident that the flux
produced by a variable αp is greater than that generated by a constant αp, where
αp is set to 2.2. The observation about constant αp should align with the findings
of Beckmann et al (2022), where the maximum flux was achieved at αp = 2.2. But
in my model, I have observed that the generated flux for variable αp exceeds the
maximum flux reported in Beckmann et al (2022). Potential factors that could
contribute to the higher flux output in my model are thoroughly investigated in
the further sections.

• Upon examining the flux generated by different cross sections, both for constant
and variable αp, as depicted in Figure 3.2 and 3.3, it is evident that the use of Kelner
et al (2006) (Eqn 2.4) for σpp results in significantly lower flux, approximately two
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orders of magnitude less, compared to the flux calculated using (Eqn 2.3) pfrommer
& Enslinn (2004). Eqn 2.4 from Kelner et al (2006) is employed in recent papers.
Despite its use in the literature, its impact on the overall flux output is crucial.
Thus Kelner et al (2006) is retained for the rest of the gamma ray estimates in the
thesis.

• Overall, for further calculations and discussions, a variable αp with σpp using Equa-
tion 2.4 is only considered.

• The upper limits on point-mass γ-ray fluxes are from Ackermann et al (2014) across
a span of virial masses, 0.2 ≤ M200

1015M⊙/H70
≤ 0.4. The selection of the mass range

was made to closely align with the mass of the cluster simulated. This comparison
encompasses both cool and non-cool clusters, as my simulation doesn’t pertain to
any particular cluster type. In the plots, the limits corresponding to cool clusters
are shaded in green, while the limits for non-cool core clusters are shaded in brown.

Figure 3.1: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable and
constant αp condition using the cross-section from Eqn 2.4. It is visualised along the

transport of tracers into the ICM. The red box indicates the initial phase after jet
injection, which we do not consider to compare with observations (see text for

explanations).
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Figure 3.2: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition for different cross-section.
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Figure 3.3: Absolute gamma ray flux calculated for the models Np1 and Np2 with a constant αp

condition for different cross-section.

The trends observed in the graphs consistently remain the same regardless of the specific
values of αp and σpp used in the simulations. Having analyzed the effects of the spectral
index and cross-section on the flux production, I now focus on the absolute gamma-
ray flux trends and their comparison with the FERMI limits. To ensure a meaningful
comparison, I consider the flux after it has undergone evolution and diffusion into the
ICM after a period of 4 Gyr. The time period inside the red box in Fig 3.4 is neglected
for discussions and comparison. The choice of this specific time frame is justified by the
following reasons:

• During the initial phase of 100 Myr, when the radio lobes are not yet fully extended,
the AGN is as a bright compact gamma-ray source. Notably, FERMI observations
of the ICM take into account this AGN contribution and focus on detecting the
gamma-ray flux solely from the ICM, after removing the AGN contribution. As a
result, the higher flux levels produced by the simulations during this initial 100 Myr
phase can be considered negligible when comparing with the FERMI observations
of the ICM. It is also well know that the physics of AGN at small distances remains
a mystery.
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• During the transition period, lasting until approximately 1 Gyr after the jet in-
jection phase, the radio source becomes invisible in radio observations. This has
been also witnessed in the simulation of single and multiple radio galaxies where
the cosmic rays electrons are invisible for a certain period of time and then re-
emerge when they encounter a re-acceleration event Vazza et al (2021) A&A. This
occurs roughly 200 Myr after the jet injection phase begins. The primary reason
for this phenomenon is that the electrons in the system lose their energy rapidly,
primarily through synchrotron and inverse compton radiation within a relatively
short timescale of about 108 years, in the absence of re-acceleration. The lack of
re-acceleration events during the initial phase leads to the complete invisibility of
the radio source. Consequently, comparison of gamma-ray flux produced during
this transition phase with FERMI limits does not provide any meaningful result.
Thus, for the purpose of discussion, this initial period is disregarded.

• In my simulations, the jets are not fully devoid of thermal gas or filled only by
magnetic field energy; they have some initial gas density. As a result, during the
initial period, the presence of this gas density contributes to the production of a
high gamma-ray flux. As the jets evolve and diffuse into the ICM, which is a region
of lower density, the γ ray flux produced gradually decreases. As a result of the
various reasons discussed, the initial period is disregarded in my analysis, and my
focus is primarily on the later stages. During this later period, I closely examine
the gamma-ray flux produced and assess its implications on the cosmic content
within the jet.
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Figure 3.4: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition for cross-section using Eqn 2.4. The red box indicates the initial phase after jet
injection, which we do not consider to compare with observations (see text for

explanations).

While the current analysis, based on Fig 3.4 and my chosen considerations (variable
αp and σpp using Equation 2.4), shows that the gamma-ray flux remains 3 ∼ 4 times
below the FERMI limits, it is crucial to acknowledge that this is not the final result.
My examination is limited to a single episode of AGN feedback scenario. In reality,
multiple episodes can occur, as evidenced in the Perseus and A1795 clusters. For ex-
ample, using Chandra in A1795 cluster the complex structure observed in the northwest
(NW) direction is an indicative of three epochs of AGN activity. Two distinct edges
are observed: the NW edge and the arc edge, with the latter being closer to the core.
These two regions contain compressed material and acts as the boundary between three
cavities, corresponding to the three outbursts. All observed signatures both in radio and
X-ray are consistent with several consecutive episodes of AGN activity, which gave rise
to the observed morphology NW and SW from the core [61]. Also, the detailed studies
of cavities in nearby clusters have revealed that there are possibilities to have NBurst ≥ 4
(Sanders et al (2006), De Gasperin et al (2012), Brienza et al (2021)).
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Figure 3.5: Chandra X-ray surface brightness residual map of A1795 in the 0.5–7 keV band. Various
features of interest in the core of A1795 are labeled [61].

Thus, these multiple episodes have the potential to collectively surpass the FERMI lim-
its, offering valuable constraints on the cosmic content within the jets. By accounting for
3-4 recurrent bursts, the cumulative gamma-ray emission by feedback episodes of similar
power will exceed the FERMI limit.

Indeed, the analysis considering 3-4 radio bursts is not the final case for putting con-
straints on the cosmic content within the jets. It provides valuable insights for a single
radio galaxy with a fixed power scenario, but to gain a comprehensive understanding,
I must also explore how varying the power of the jet influences the gamma-ray flux
produced. Would jets of a different initial power change this simulated γ ray emission
level in a significant way? To address this question , in the next section I investigate the
impact of different jet powers from the AGN on the gamma-ray flux. Understanding how
higher jet power can lead to increased gamma-ray emission is essential as it can alter the
constraints imposed on the cosmic content within the jets.
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Figure 3.6: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable and
constant αp condition using the cross-section from Eqn 2.4.

3.1.1 Gamma-ray maps of a single radio galaxy

Before analysing a single radio galaxy with varying powers, I have generated γ-ray maps
based on the parameters of Run A for a single radio galaxy with constant power. This
helps to obtain a clarity of the spatial distribution and mixing of tracers within the ther-
mal gas of the ICM as the time evolves. This visualization approach not only facilitates
a more insightful comprehension of tracer trajectories but also serves as a valuable tool
for comparing the temporal progression of tracers under varying power conditions and
when multiple radio galaxies are introduced. The interpretation also contributes to the
understanding of the mechanism behind gamma-ray generation.
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Figure 3.7: γ-ray maps representing the spatial evolution of the tracers with time into the ICM from
a single radio jet. The X and Z axes represent the distance traveled by the tracers in the

respective axes in kpc and z is the redshift at which the map is being produced. The
minimum resolution of the γ-ray map is 8.86 kpc. Colorbar representing the gamma-ray

flux generated by individual tracer in ph/s.

From the Figure 3.7, the evolution of tracers within the ICM becomes apparent. Initially,
the tracers are closely confined in proximity to the AGN (γ-ray maps at z = 0.490, 0.457).
However, as time progresses, the expansion of the radio lobes leads to the dispersion of
these tracers across a broader region within the ICM.

3.2 Single radio galaxy with different powers

In this section, I delve into the variation of gamma-ray flux as a function of jets with
different powers. To conduct this analysis, I utilize the simulation dataset specified in
Table 2.2, which provides the necessary parameters for my calculations. By employing
the parameters from the dataset, I evaluate the gamma-ray flux for different power
settings. This comprehensive examination allows me to understand the relationship
between jet power and the resulting gamma-ray emission. As indicated in Table 2.2, the
analysis encompasses five distinct models. Taking into account the conclusions drawn in
Section 3.1, where I decided to focus solely on a variable αp with σpp using Eqn 2.4 due
to various reasons, I now focus into how the power of AGN influences the gamma-ray
flux.
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Figure 3.8: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for Run B.

In Run B, I observe a relatively lower jet power of 3×1044 ergs/s compared to the power
used in my previous Run A discussed in section 3.1. Surprisingly, despite the lower
power, the gamma-ray flux produced in this model, as shown in Fig 3.8, is two orders of
magnitude higher. Although I can neglect the initial phase of gamma ray flux, as dis-
cussed in the previous Run A, the overall higher flux in Run B demands an explanation.
The explanation for this intriguing phenomenon lies in the behavior of the radio lobes at
lower jet powers. With lower power, the radio lobes are unable to extend out to a larger
distance from the cluster core, causing them to remain confined within a high-density
core region. This is evident in the γ-ray maps depicted in Figure 3.9. Even at a redshift
of 0.29, the tracers exhibit a consistent concentration near the AGN’s vicinity, and they
have travelled to a very low extent. The gamma-ray flux is influenced by a combination
of gas density and cosmic ray number density, as expressed in Eqn 2.3 (Fγ ∝ nth · nCR).
At lower jet powers, the confined radio lobes interact with the higher-density , resulting
in a substantial increase in the gamma-ray flux. The confinement of radio lobes in a
high-density region thus plays a crucial role in generating this elevated gamma-ray emis-
sion. This interplay is very crucial because as the power increases the tracers can travel
to farther low density regions thus reducing the total gamma-ray flux.
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In the previous Run A, I did not observe a distinct difference between Np1 and Np2,
except in the final phase. However, in Run B, a notable difference between Np1 and
Np2 is evident. This difference arises due to the presence of turbulence and shock re-
acceleration events in Run B.

In Run B, the radio lobes are confined, which means that the cosmic rays tend to re-
main in proximity to the AGN. As these cosmic rays propagate through the confined
regions, they encounter merger shocks and undergo DSA re-acceleration. Moreover, in
high-density regions within the radio lobes, turbulent re-acceleration events are also
present. This phenomenon offers a plausible explanation for the distinct differences ob-
served between Np1 and Np2 models in Run B. In Run B, where turbulence and shock
re-acceleration events are mostly arising in the cluster core region produces a higher flux.
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Figure 3.9: γ-ray maps representing the spatial evolution of the tracers with time into the ICM in
Run B. The X and Z axes represent the distance traveled by the tracers in the respective

axes in kpc and z is the redshift at which the map is being produced. The minimum
resolution of the γ-ray map is 8.86 kpc. Colorbar representing the gamma-ray flux

generated by individual tracer in ph/s.
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Figure 3.10: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for Run C.

In Run C, the jet power is increased three times compared to Run B, rising from 3×1043

erg/s to 9 × 1043 erg/s. However, despite this power increase, the simulation output
indicates that it is insufficient to propel the tracers in the jet to far distances. In Fig
3.11 despite a better diffusion of tracers into the ICM when compared to the Fig 3.9
the distance they have traversed remains almost consistent. In the γ-ray map Fig 3.11,
at z = 0.375 the lobes are still closer to the AGN and confined. The inability of the
jets to reach lower dense regions limits the reduction of gamma-ray flux in Run C. An
intriguing observation in Run C is that the gamma-ray flux for both the Np1 and Np2
models is identical. This can be attributed to the increase in cosmic ray number density
(as shown in Table 2.2), which subsequently augments the gamma-ray flux in the Np1
model. The increase in cosmic ray number density leads to an increase in the rate of
particle interactions and gamma-ray production, resulting in a higher flux for the Np1
model. The increase in cosmic ray number density also explains the better diffusion of
tracers into the medium (Fig 3.11) when compared to the γ-ray maps of B Run (Fig 3.9).

Conversely, the Np2 model in Run C does not experience the generation of new re-
acceleration sites or shock re-acceleration. As a consequence, the gamma-ray flux in the
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Np2 model remains the same as observed in Run B, since re-acceleration events overall
do not significantly change the CR proton spectra in this run.
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Figure 3.11: γ-ray maps representing the spatial evolution of the tracers with time into the ICM in
Run C. The X and Z axes represent the distance traveled by the tracers in the

respective axes in kpc and z is the redshift at which the map is being produced. The
minimum resolution of the γ-ray map is 8.86 kpc. Colorbar representing the gamma-ray

flux generated by individual tracer in ph/s.
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Figure 3.12: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for Run D.

In Run D, the jet power has increased significantly by an order of magnitude to 3 × 1044

erg/s. Surprisingly, despite this substantial increase in power, the gamma-ray flux has
only reduced by half when compared to the previous Run C. Eventhough the cosmic ray
number density increases in each run, the observed decrease in flux can be attributed
to the tracers’ extended diffusion into regions characterized by lower density. This is
vividly seen in the γ-ray maps showcased in Figure 3.13, particularly at z = 0.215 and
0.143. The consistent trends observed in the Np1 and Np2 models are similar to those
seen in Run C, as they are driven by the same underlying mechanisms. In the final phase
of Run D, a slightly higher gamma-ray flux is observed for the Np2 model. This increase
in flux can be attributed to some turbulent re-acceleration events.
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Figure 3.13: γ-ray maps representing the spatial evolution of the tracers with time into the ICM in
Run D. The X and Z axes represent the distance traveled by the tracers in the

respective axes in kpc and z is the redshift at which the map is being produced. The
minimum resolution of the γ-ray map is 8.86 kpc. Colorbar representing the gamma-ray

flux generated by individual tracer in ph/s.

Figure 3.14: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for Run E.
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In Run E, the jet power is approximately 9 × 1044 erg/s but the gamma-ray flux has
again only reduced by a negligible amount compared to the previous run. The behavior
of the Np1 and Np2 models in this run continues to follow the same trend, with a slightly
elevated flux observed in the Np2 model during the final stages. In the γ-ray maps Fig
3.15 there is a effective mixing of tracers when compared to the distribution of tracers
in Run D (Fig 3.13). Despite this effective mixing, the tracers have covered a similar
distance as observed in Run D (Figure 3.13). This effective mixing of tracers over an
equivalent distance is likely the primary factor contributing to the slight reduction in
gamma-ray flux. Given that the gamma-ray flux results from the interplay of factors
(Fγ ∝ nth · nCR), a reduction in gas number density due to the influence of high jet
power that can carry tracers to a lower density region leads to a corresponding decrease
in the flux. Once the tracers have effectively mixed within the ICM as expected the
tracers exhibit a notable decrease in numbers, as demonstrated at redshift z = 0.110 in
Fig 3.15.
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Figure 3.15: γ-ray maps representing the spatial evolution of the tracers with time into the ICM in
Run E. The X and Z axes represent the distance traveled by the tracers in the

respective axes in kpc and z is the redshift at which the map is being produced. The
minimum resolution of the γ-ray map is 8.86 kpc. Colorbar representing the gamma-ray

flux generated by individual tracer in ph/s.

In Run F (Fig 3.16), the overall flux produced shows no significant difference compared
to the previous Run E. However, during the transition period between 4.5 to 4 Gyr, there
appears to be an increased flux. Nonetheless, I must disregard the flux during this period
due to the higher gas density in the simulation and the transitional nature of the radio
galaxy, rendering it completely invisible. As with Run C, both Np1 and Np2 models in
Run F exhibit the same flux throughout the evolution.

Despite the higher jet power, shocks are predominantly produced at the interface where
the jets interact with the ICM. However, in this study, I focus on the tracers confined
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within the lobes that could potentially be re-accelerated in the cavities. If I were to con-
sider the contribution from these shocks, it is possible that the acceleration of particles
in the shock could have caused cosmic content and flux to increase. Since the study is
confined just to the lobes Np1 and Np2 models remain the same even at high jet power.
The phenomenon of cavities and their dynamics remains an area of active research and
is not yet fully understood.

The γ-ray maps displayed in Fig 3.17 vividly illustrate the impact of significantly higher
power in comparison to the other Runs. This elevated power results in the tracers cover-
ing a considerably greater distance and quickly dispersing throughout the medium. At
a z = 0.250, it becomes evident that the tracers have undergone rapid and extensive
mixing with the ICM, leaving behind only a sparse number of tracers.

Figure 3.16: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for Run F.
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Figure 3.17: γ-ray maps representing the spatial evolution of the tracers with time into the ICM in
Run F. The X and Z axes represent the distance traveled by the tracers in the

respective axes in kpc and z is the redshift at which the map is being produced. The
minimum resolution of the γ-ray map is 8.86 kpc. Colorbar representing the gamma-ray

flux generated by individual tracer in ph/s.

To investigate the relationship between the power of AGN jets and the gamma-ray flux
produced, I plotted the power of five different runs against the gamma-ray flux at the
final stages, corresponding to a redshift of z = 0.11 (final redshift so that the tracers
have effectively mixed with the ICM). Despite observing some changes in the flux con-
cerning the power, the variations are not significant, hovering around the same order
of magnitude. This result highlights a crucial finding: the power of AGN does not
heavily impact the gamma-ray flux compared to other parameters. As I dis-
cussed earlier in the previous sections, the primary factors influencing the flux are the
gas density and cosmic ray number density. When the power increases, the jets can
reach farther distances, expanding into lower gas-dense regions in the ICM. However,
at the same time, there is an increase in cosmic ray number density (Tab 2.2), which
counterbalances the effect of lower gas density. As a result, the overall impact of power
on the gamma-ray flux tends to remain relatively stable across different power levels.

The distinct differences between Np1 and Np2 models have been previously discussed for
each run separately, and they demonstrate how various physical processes and conditions
can lead to different gamma-ray flux outcomes.
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Figure 3.18: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for all the Runs.

3.3 Multiple radio galaxies

After I have established that the gamma-ray flux is not much affected by power in a
single radio galaxy, it is important to examine the influence of multiple radio galaxies,
before drawing any definitive conclusions. My dataset includes five radio galaxies, each
characterized by the parameters listed in Table 2.3.

In the case of multiple radio galaxies, the resulting gamma flux is approximately an
order of magnitude higher (Fig 3.19), when compared to the flux produced by a single
radio galaxy alone (Fig 3.2). While the presence of multiple radio galaxies does indeed
introduce various tracers into the ICM, the overall increase in flux remains relatively
small, particularly in the later stages, which is mainly considered for my discussion in
comparison with FERMI limits.

The nearly unchanged flux (Fig 3.19) in the later stages can be attributed to the spa-
tial distribution of the radio galaxies within the cluster. Despite the fact that there are
now five radio galaxies, the radio galaxy positioned at the cluster’s center still plays a
predominant role in transporting tracers into the ICM compared to the other four radio
galaxies, located in the peripheral region at a lower density (Fig 2.3). The position of
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radio galaxies has already been discussed in Subsec 2.2. During the initial stage, the four
radio galaxies situated in the peripheral region exhibit lower power in comparison to the
central radio galaxy (1043 erg/s). In the previous section, I established that the power
of the radio galaxies does not significantly impact the gamma-ray flux produced. How-
ever, in the current context, I observe that the power of the radio galaxies does influence
the distance to which the tracers can be transported into the ICM. Consequently, these
peripheral radio galaxies lack the capacity to extend their lobes to significant distances.

Given that the peripheral radio galaxies are situated in low-density regions, the result-
ing gamma-ray flux they generate is significantly lower, and practically negligible, when
compared to the flux produced by the radio galaxy positioned at the cluster’s center. As
a result, the gamma-ray flux produced at the early phase (z = 0.5 ∼ 0.4) is primarily
determined by the central radio galaxy alone.

The cavities produced by the peripheral radio galaxies later as time evolves disperse
the tracers through out the ICM. Thus, overall the contributions of the peripheral radio
galaxies are comparatively minor in comparison to the central one. This suggests that
the hadronic gamma-ray emission in real clusters of galaxies is mostly dominated by the
contribution of CR injected by the central, BCG galaxies (possibly with multi bursts).

Figure 3.19: Absolute gamma ray flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for multiple radio galaxies.
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I could also see a distinct difference between Np1 and Np2 model at later stages. This
difference in the gamma-ray flux arises from the increased number of turbulent and shock
re-acceleration events, which are a direct consequence of the presence of additional radio
galaxies, accretion of sub-structures etc,. During the initial phase around z = 0.5 ∼ 0.4,
there is not much variation in the flux. However, at z = 0.37, I observe patches of tracers
crossing shocks and turbulent re-acceleration sites, leading to a distinctive contrast in the
flux behavior between Np1 and Np2 models (refer Fig 2.4). Subsequently, at z = 0.26,
a noticeable bump (Fig 3.19) in the flux occurs as the tracers encounter shocks induced
by the accretion of substructures, as discussed in Section 2.2. This analysis highlights
the critical impact of turbulent and shock re-acceleration events, which becomes more
evident with multiple radio galaxies than the single radio galaxy present in the Np2
model.

There are two key aspects to be discussed concerning the γ-ray maps, further reinforcing
the arguments mentioned earlier:

• As previously indicated, the central radio galaxy holds a prominent position com-
pared to the radio galaxies located in the periphery. This distinct central domi-
nance is evident from the initial stages. For instance, at z = 0.457, a central radio
galaxy exhibits considerably higher flux and tracers in contrast to the gamma-ray
flux produced by all peripheral galaxies.

• At z = 0.349 and z = 0.284, tracers originating from all radio galaxies mix, primarily
remaining in close proximity to the AGN site. Subsequently, as time progresses,
these tracers undergo rapid dispersion into the surrounding medium.
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Figure 3.20: γ-ray maps representing the spatial evolution of the tracers with time into the ICM
from multiple radio jets. The X and Z axes represent the distance traveled by the

tracers in the respective axes in kpc and z is the redshift at which the map is being
produced. The minimum resolution of the γ-ray map is 8.86 kpc. Colorbar representing

the gamma-ray flux generated by individual tracer in ph/s.

Drawing a conclusion regarding the cosmic content in the jet is now possible, as it was
evident in my earlier analysis with a single radio galaxy, even with just 3-4 episodes
of AGN feedback, the resulting flux will exceed the FERMI limit. This holds true for
multiple radio galaxies too. This observation poses a constraint on the cosmic content
present in the jet.

Throughout my analysis, I assumed the initial energy of the cosmic ray proton content
of the jets to be in perfect equality with the magnetic field energy (EB = ECR). How-
ever, when considering multiple episodes of radio bursts, the flux surpasses the FERMI
limit, indicating that the assumption of equality may not hold true in this scenario. It
is probable that the cosmic energy content in the jet is less than the magnetic field en-
ergy content to ensure that the flux remains below the FERMI limit. In particular, my
analysis suggests that the jets in this system, fairly independent of their initial power,
must have an initial energy ECR = EB

NBurst
, or less, where NBurst is the typical number

of repeated bursts for a BCG galaxy. Fixing a precise value of NBurst is not possible,
because the duty cycle of radio galaxies in clusters is not fully constrained by the obser-
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vations. However, detailed studies of cavities in nearby clusters suggests that NBurst ≥ 4
(Sanders et al (2006), De Gasperin et al (2012), Brienza et al (2021)).

In the case of NBurst = 4 then the jets with an initial ECR = EB/4 will be only al-
lowed. This finding raises questions about the exact cosmic energy - magnetic field
energy relationship in the presence of multiple radio bursts. My analysis has also shown
that the flux produced by re-acceleration models is not necessarily always higher than
the flux produced without them. This result highlights the critical influence of various
parameters, including gas density, cosmic ray number density, and jet power, among
others. As a consequence, the flux exhibits a diverse range of behaviors, varying from
one model to another, rather having a uniform trend.

3.4 Neutrino flux - Single radio galaxy

I have also investigated the neutrino flux produced by clusters of galaxies to understand
the contribution of extragalactic sources to the neutrino background observed by Ice-
Cube. In the hadronic scenario, the rates of various branches of the reaction indicate
that for each emitted (γ)-ray photon , I expect 2νµ, meaning two muonic neutrinos, to
be produced. Additionally, I anticipate 1νe, which is one electron neutrino, for each
(γ)-ray photon that interacts with a muon (µ) (Eqn 1.57). Therefore, the proton-proton
interactions responsible for these processes yield not only gamma-ray photons but also
neutrinos, anti-neutrinos, electrons, and positrons as final products. Thus, the resulting
energy distribution can be expressed as follows:

Eγ ≈ Ep

5

Ee ≈ Eν ≈ Ep

20
Only 1/20 of the cosmic ray proton energy is transferred to neutrinos. Therefore, to
make a meaningful comparison with the IceCube limits of 10−8 GeV/s/cm2/str (Ha et al.
(2020)), it is crucial to choose the appropriate energy bins. For the neutrino calculations,
I consider the momentum bins 20 × 105 < p

m0c
< 20 × 106 from the simulated spectra.
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Figure 3.21: Neutrino flux calculated for the models Np1 and Np2 with a variable αp condition using
the cross-section from Eqn 2.4 for single radio galaxy (Run A), in the energy range

105 − 4 × 106 GeV.

Before presenting the analysis of the neutrino flux, it is important to notice that the
trends of neutrino flux may differ from those of the gamma-ray flux, because of the dif-
ferent energy bin range. The neutrino flux shown here is generated by a single radio
galaxy, based on the properties of Run A described in Table 2.1. The gamma-ray flux in
0.5-200 GeV range is produced by lower energy bins in the spectra, which are generally
flat, whereas for the neutrino flux, very high energy bins are employed. At such high
energies the effect of radiative losses on CR protons can become most significant, and
as a result the spectral slope at larger energies can be a bit steeper. As a consequence,
there is an initial drop in neutrino flux around 200 Myr after injection phase of radio jets
(between 5 ∼ 4.8 Gyr). This is due to the power-law nature of the spectrum (at high
energies), where the number of tracers at higher energies is relatively fewer compared to
the number of tracers at lower energies. Consequently, this is reflected in the produced
neutrino flux.

Subsequently, there is an observable rise in the neutrino flux (between 4.8 ∼ 4.5 Gyrs),
which may be attributed to shocks encountered close to the AGN. These shocks might
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re-accelerate particles to high energies, thus contributing to the increased neutrino flux.
As the tracers lose energy through hadronic interactions, the neutrino flux decreases
(between 4.5 ∼ 4). This dynamic behavior of the ICM near AGN is likely to explain the
observed fluctuating trend of neutrino emission.

However, understanding the physics of AGN at small scales remains challenging, and
many aspects of AGN behavior are still in mystery. Moreover, during the discussion of
the gamma-ray flux, it was explored that between 5 - 4 Gyr, there is a transition period
when the radio galaxy becomes invisible. Thus, it may be justifiable to ignore the initial
part of the neutrino flux as well. After 4 Gyr, the neutrino flux tends to remain rela-
tively constant (between 3.1 - 4.1 Gyr) as the tracers start to diffuse and spread out into
the ICM. The observed phenomenon can be again attributed to the power-law nature
of the specified energy bins, where high-energy tracers have already interacted with the
medium, producing neutrinos, and thus, leaving behind a larger number of low-energy
tracers. As these low-energy tracers diffuse into the ICM, leads to the observable effects
on the neutrino flux.

Finally, after 3 Gyr, the evolution of the neutrino flux depends on their interactions
with the ICM, the possibility of generating new high-energy particles, and encountering
re-acceleration events.

In particular, the impact of re-acceleration events is more affected in the neutrino flux
compared to the gamma-ray flux. This difference is due to the use of high-energy bins
for the neutrino flux, where even a small re-energization of particles can lead to a more
significant increase in flux compared to the low-energy tracers with a flat spectrum. It
is also observed in Ha et al. (2020), although for a different seeding model for CRs.
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3.5 Neutrino flux - Single radio galaxy with different
powers

Figure 3.22: Neutrino flux calculated for the models Np1 and Np2 with a variable αp condition using
the cross-section from Eqn 2.4 for single radio galaxy in Run B, in the energy range

105 − 4 × 106 GeV.

Similar to gamma-ray flux, in order to understand the effects of power on neutrino flux,
the latter is calculated for different powers. At first, I analyze Run B with the parame-
ters outlined in Table 2.2. The interpretation of the trends observed in Fig 3.22 should
follow the same explanation as previously described for the single radio galaxy Run A,
as mentioned before Fig 3.21. In particular, the distinct difference in Np1 and Np2 in
Run B should exhibit similarities to what I observed in Run B of the gamma-ray flux.
With a lower power of 3 × 1044 ergs/s, the radio lobes would not have extended much
further, thus being confined within a high-density region. As a consequence, this confine-
ment would lead to a higher flux when compared to the previous run. Moreover, in this
scenario, the radio lobes encounter turbulent and shock re-acceleration events, further
contributing to the distinct difference between Np1 and Np2.

Between 2.75-2.5 Gyr there is an increase in the neutrino flux. At the same epoch
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there is an increase in the gamma-ray flux (Fig 3.8 , 3.10, 3.19). This phenomena can be
attributed to the cluster merger that happens in this object (Vazza et al (2021) A&A,
Vazza et al (2023) Galaxies). During this merger, the cluster experiences heightened
density due to compression motions. Subsequently, increased proton-proton collisions,
leading to amplified gamma and neutrino fluxes. Additionally, this merger-induced activ-
ity gives rise to the generation of shocks and turbulence within the medium. Depending
on where the CR is in each run at this epoch, this produces further difference in the
model Np1 or Np2.

Figure 3.23: Neutrino flux calculated for the models Np1 and Np2 with a variable αp condition using
the cross-section from Eqn 2.4 for single radio galaxy in Run C, in the energy range

105 − 4 × 106 GeV.

An essential aspect of my investigation is to understand the impact of power on the neu-
trino flux, analogous to the gamma-ray flux. As I increase the power in different runs, the
number of cosmic rays and cosmic ray number density increases (Tab 2.2). As a result,
the number of tracers at high-energy bins decreases, leading to a reduction in the neu-
trino flux. This is observed in subsequent runs after B where the neutrino flux is reduced.

The trends observed in Np1 and Np2 for Run C, Run D, and Run E are expected
to align with the explanations provided for the gamma-ray flux as discussed in section
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3.2. The concurrence in these trends arises from the fact that both the neutrino flux and
the gamma-ray flux are directly influenced by cosmic ray density and gas density. In
summary, the distinct difference between Np1 and Np2 in the neutrino flux is influenced
by factors such as how far the tracers can travel through jets, the gas density they en-
counter, and the cosmic ray number density present. These factors play a significant role
in shaping the neutrino flux distribution, just as they do in the gamma-ray flux analysis.

Figure 3.24: Neutrino flux calculated for the models Np1 and Np2 with a variable αp condition using
the cross-section from Eqn 2.4 for single radio galaxy in Run D, in the energy range

105 − 4 × 106 GeV.
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Figure 3.25: Neutrino flux calculated for the models Np1 and Np2 with a variable αp condition using
the cross-section from Eqn 2.4 for single radio galaxy in Run E, in the energy range

105 − 4 × 106 GeV.

Now, I focus only on Run F which has a different behaviour when compared to other
runs and gamma ray flux of Run F. Run F, has the highest power of 1.5 × 1044 ergs/s.
The trends observed in the gamma-ray flux (Fig 3.16) show that Np1 and Np2 models
exhibit no difference, as previously discussed in Section 3.2. Also due to the high power,
the cosmic rays ejected from radio galaxy in Run F can travel a farther distance. How-
ever, when I examine Fig 3.29, a notable distinction emerges between Np1 and Np2 in
the neutrino flux. During the initial phase, there is a clear and abrupt jump of Np2 to a
significantly higher value, rather than the gradual increase observed in other runs. This
discrepancy requires a detailed explanation.

Upon further analysis of the momentum of CR spectra of Run F at different redshifts,
an interesting phenomena is observed. In the early period, the cosmic ray electron spec-
tra, appears to be steep (Figure 3.26). However, at redshift 0.449 (Figure 3.27), the
cosmic ray electron spectrum suddenly became flat. This suggests that at this point,
the tracers might have encountered re-acceleration events, leading to the change in their
energy distribution. Due to minimal energy losses in cosmic ray protons, the effect of
re-acceleration events is not clearly observable in their spectrum (It is a very small dif-
ference between CRp1 and CRp2 in Fig 3.27). However, the impact of these events is
more evident in the cosmic ray electron spectrum confirming the re-acceleration sites as
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seen by the sudden flattening of the spectrum in Fig 3.27.

In my analysis in the Np1 model, there is no consideration of any re-acceleration events,
and the Np2 model incorporates them. In the highlighted red region of both Figure 3.27
and Figure 3.28, which is the relevant one for the production of neutrinos in the IceCube
energy range, there is a slight increase in the Np2 spectra when compared to Figure
3.26. Eventhough this difference may seem negligible in a log-log plot, it has a substan-
tial effect on the neutrino flux produced as the the impact of these re-acceleration events
is more pronounced in the neutrino flux compared to the gamma ray flux, as discussed
earlier.

The reason I do not observe the same effect in gamma rays is due to the fact that
in all the spectra images at low energy bins (which are used for calculating gamma ray
flux), there is not much difference between the Np1 and Np2 models. The distinction
between these models becomes evident only at high energy bins, thereby affecting the
neutrino flux significantly.

The abrupt re-acceleration observed in the spectrum could potentially be attributed
to several factors. One likely explanation, also suggested by evolving electron spectrum
is that the high-power jets of this model generating strong shocks in the vicinity of the
AGN. Considering that assessing the true thermal particle content of the jet in this early
stage might be difficult as discussed in Section 3.1. The neutrino emission at this stage
should be considered with some caution.
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Figure 3.26: Spectra of cosmic ray protons (Np1 and Np2 model) and electrons of Run F at z =
0.482.

Figure 3.27: Spectra of cosmic ray protons (Np1 and Np2 model) and electrons of Run F at z =
0.449.
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Figure 3.28: Spectra of cosmic ray protons (Np1 and Np2 model) and electrons of Run F at z =
0.412.

Figure 3.29: Neutrino flux calculated for the models Np1 and Np2 with a variable αp condition using
the cross-section from Eqn 2.4 for single radio galaxy Run F, in the energy range

105 − 4 × 106 GeV.
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The neutrino flux exhibits a prominent peak at around 3.5 Gyr, following which it grad-
ually decreases, consistent with the typical behavior of a power law in the energy bin
range for neutrinos. A substantial number of low-energy tracers are left behind in the
chosen energy bin for calculation, contributing to the gradual decline in the flux.

Figure 3.30: Absolute neutrino flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for all the Runs at the initial phase of jet
evolution at z = 0.489.

To investigate the relation between jet power and neutrino emission, similar to the case
of gamma-ray flux, I plotted the power versus neutrino flux at the initial phase of the
jet in Fig 3.30 and after the jet has completely evolved in Fig 3.31. Interestingly, during
the initial epoch, both the Np1 and Np2 models yielded identical fluxes. This outcome
is intuitive, as it represents the early stages when the jets are still in proximity to the
AGN and re-acceleration events triggered by the interaction with ICM are not present.
Since re-acceleration events are yet to take place during this initial period, the fluxes
produced by both models remain the same.

After the jets have evolved through the interaction with the ICM, the flux produced
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for different models is very intriguing. The neutrino flux with respect to power in Fig
3.31, has a significant contrast compared to the plot obtained for the gamma ray flux
in Fig 3.18. One crucial observation is that the lower energy bins have less sensitivity
to changes in power compared to the higher energy bins. The neutrino flux is notably
affected by power, showcasing a distinct behavior.

The power-law nature of the cosmic ray proton spectrum for the both the model im-
plies that it is again a contribution of nth × nCR, for CR in the energy range of IceCube,
particularly these high-energy tracers are displaced out to further distances in a low-
dense ICM. Consequently, this leads to a steep decline in the neutrino flux, as depicted
in the plot.

Notably, in the Np2 graph, a peak in the flux is observed around 1.5 ×1045 erg/s.
This is consistent with the discussion on how the spectra of Run F evolve in the previous
paragraphs. The main takeaway is that, unlike gamma-ray flux, the neutrino flux is
strongly influenced by the power and it can fluctuate by ∼ 1 order of magnitude,
depending on the input power of the jets, timing and efficiency of further re-acceleration
events acting on the high energy tail of the CR population in a cluster. In general (and
in a rather counter-intutive way) were powerful jet leads to less neutrino flux at later
stages, because CRs are delivered to regions of the clusters with lower gas density leading
to less hadronic interactions.
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Figure 3.31: Absolute neutrino flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for all the Runs after the jet has
completely evolved at z =0.110.

3.6 Neutrino flux - Multiple radio galaxies

As anticipated, the multiple radio galaxies configuration appears to have a limited impact
on the flux, which can be attributed to its spatial arrangement and relatively lower power,
as discussed in Section 3.3. The observed increase in neutrino flux by half, compared to
the highest power at Run F, is a consequence of the central radio galaxy contributing to
the neutrino flux in the multiple radio galaxies setup with a power of 1.4 × 1043 erg/s.
This power is lower than the power at Run F (1.5 × 1044 ergs/s). Since the radio lobes
are confined to high-density regions, they can produce more neutrino flux. Indeed, the
difference between Np1 and Np2 as expected, is similar in both neutrino and gamma
ray fluxes. This can be attributed to the presence of additional radio galaxies capable of
facilitating re-acceleration events and promoting the accretion of sub-structures within
the cluster, as discussed in Subsec 3.3 (Vazza et al (2021) A&A, Vazza et al (2023)
Galaxies).
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Figure 3.32: Absolute neutrino flux calculated for the models Np1 and Np2 with a variable αp

condition using the cross-section from Eqn 2.4 for multiple radio galaxies, in the energy
range 105 − 4 × 106 GeV.

In contrast to the gamma-ray flux analysis, which allowed us to draw conclusions and
establish constraints, assessing the neutrino flux requires a comparison with the IceCube
limits. Since there are no detection of neutrinos from a single cluster, this result can
only be seen as the basis for future work in which I will extrapolate and compare with
the available constraints on the full sky neutrino background. I need to perform ex-
trapolation and consider multiple clusters with varying masses and volumes to achieve
a more meaningful comparison. This extended analysis, focusing on extrapolation, will
be a part of my future research perspectives.
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Chapter 4

Conclusion

In this study, my focus was on establishing the critical criteria necessary for maintaining
gamma-ray flux within the bounds of the FERMILAT limit, especially by constraining
the initial cosmic ray energy content in the radio jet. The intriguing characteristic of
galaxy clusters lies in their capacity to efficiently accelerate and confine high-energy cos-
mic rays, thereby providing a unique environment for TeV - PeV neutrino production
[64]. Thus, as an additional task the neutrino flux generated by cluster was calculated,
exploring their contribution to the overall neutrino budget as observed by IceCube.

My analysis was built upon extensive datasets from the simulations in Vazza et al (2021)
A&A, Vazza et al (2023) A&A, and Vazza et al (2023) Galaxies. These datasets encom-
passed scenarios involving a single radio galaxy with a fixed power, single radio galaxy
with varying powers, and multiple radio galaxies. The primary aim was to identify op-
timal parameters for subsequent investigations of constraining the cosmic content in the
radio jets and to ensure robustness, I examined different assumptions.

At first I compared between a constant αp value and variable αp across different momen-
tum bins within the evolving spectra. Additionally, I conducted an in-depth analysis of
two distinct proton-proton collision cross-sections and identified the most appropriate
choice. The cross-section outlined in Kelner et al (2006), which is also widely used in
recent literature produces reduced gamma-ray flux compared to the flux produced from
pfrommer & Enslinn (2004) cross-section. Thus, in my study a variable αp and the σpp

formula from Kelner et al (2006) were used for subsequent calculations.

• From the analysis and the subsequent generation of simulated γ-ray emission
from the single radio galaxy case, the derived gamma-ray flux remained below
the FERMI limit. To explore the potential influence of the radio jet’s power on
gamma-ray flux generation, I examined a single radio jet featuring with varying
power levels. This investigation revealed that the power of the radio jet does not

99



have much impact on the resulting gamma-ray flux. The reason for this is that high
power jets have high cosmic ray number density and push the CRs farther away
from the cluster core, where the density of the thermal targets is lower. There-
fore, generating moreover same gamma-ray emission level for both high and low
jet power. This insight, although initially unexpected, clarified that the radio jet’s
power is not an important parameter in the gamma-ray flux generation.

• My work also extended in analysing multiple radio galaxies (5 radio galaxies).
However, the outcomes of this analysis was similar to that of a single radio galaxy.
This is due to the fact that the influence of peripheral radio galaxies on the overall
gamma-ray flux was overshadowed by the significant contribution of the central
BCG. These analyses were systematically conducted across two distinct models:
the Np1 model, characterized by the absence of shock and turbulent re-acceleration,
and the Np2 model, which incorporates both shock and turbulent re-acceleration
mechanisms.

• I have successfully imposed constraints on the cosmic ray composition within the
jets. The simulated gamma-ray flux exceeds the FERMI limit, particularly when
considering multiple occurrences of radio bursts. Initially, the cosmic ray energy
content in the jets is in perfect equality with the magnetic field energy (i.e., EB =
ECR). If they have multiple episode of radio bursts, they deviate from this equality.
I can therefore deduce that the initial cosmic ray energy to be ECR = EB

NBurst
. From

the simulation and the output plots, I found that NBurst = 4. Thus, the permissible
value for the initial cosmic ray energy (ECR) within the FERMI limit is EB/4 or
lower.

• Several studies have already focused on constraining the cosmic ray energy distri-
bution within jets. In a recent work by Beckmann et al (2022), on a self-regulated,
cosmic-ray-dominated jets highlighted that, a significant value of the fixed energy
fraction, denoted as fCR, where Lkin = (1−fCR)LAGN , is not consistent with obser-
vational data for massive clusters for very high values. To remain consistent with
the FERMI gamma-ray flux limits, the study proposed that fCR should be limited
to a value of 0.1, or less. In summation, the study led to the deduction that the CR
energy equivalent up to 10% of the AGN luminosity, or less, is required. My thesis
findings align with this notion of maintaining a lower cosmic ray energy fraction.
However, my approach differs from that of Beckmann et al (2022). Rather than
using the kinetic energy deposited within the jets as a basis, as mentioned in their
study, I have conducted my analysis starting from the perfect equality condition.
This alternate perspective introduces fresh insights into the interplay between the
energy of magnetic fields and cosmic rays within the jets.
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• I have tested two distinct models, namely Np1 (only cooling losses) and Np2 (which
also includes Fermi I and Fermi II re-acceleration), into my thesis analysis. These
models have also been the subject of prior researches. A study by Ha et al. (2020),
has explored the impact of shock re-acceleration on the gamma-ray flux. Remark-
ably, the difference in gamma-ray flux remains marginal irrespective of whether
re-acceleration is introduced or not. Even in cases where re-acceleration is ac-
counted for, the resulting flux consistently remains within the FERMI limits. This
outcome aligns precisely with my findings, where the difference in gamma-ray flux
between the Np2 and Np1 models is negligible across all conducted simulations.
Furthermore, as emphasized earlier, the gamma-ray flux is a combination of cosmic
ray number density and gas number density. The findings of Ha et al. (2020) illus-
trate that for the model employing δ = 1 (maximum cosmic ray number density)
where nCR(r, p) ∝ ngas(r)δ, the gamma-ray flux was still within the FERMI limits.

• In accordance with the spectral index adopted in the study by Zandanel et al.
(2015), it was established that even for values of αp exceeding 2, the gamma-
ray flux remains significantly below the threshold defined by FERMI. Their study
included the injection of CRs originating from both structure formation shocks and
AGN. In my thesis, I exclusively consider radio jets as the source of CRs. Although
my numerical analysis integrates a variable spectral index, a substantial majority
of the calculated αp values are greater than 2. Also according to the results of
Zandanel et al. (2015) a spectral index exceeding 2 corresponds to gamma-ray
fluxes that are bounded by 1% of the measurements recorded by FERMI.

Just as I calculated the gamma-ray flux for all simulations, I also computed neutrino
flux in higher energy bins (20 × 105 < p

m0c
< 20 × 106). The findings from Zandanel

et al. (2015), mentions that neutrinos remain below the IceCube limit for spectral in-
dices αp > 2, a finding that matches with the outcomes of my numerical analysis. The
neutrino flux derived from IceCube measurements which is set as a limit falls within the
range of 10−8 GeV/cm2/s/str for Eν = 1PeV .

At a spectral index value of αp = 1.5, the neutrino flux exhibits a magnitude com-
parable to that observed by IceCube, as noted in Zandanel et al. (2015). While this
alignment holds true when considering a constant spectral index, in my study for a vari-
able spectral index achieving an equivalence in magnitude with the IceCube measurement
becomes unfeasible. Furthermore, to highlight that having a spectral index of αp = 1.5
is implausible. Such a steep spectral shape contradicts the conclusions drawn from the
most recent spectral fitting of the IceCube neutrino flux, as evidenced by Aartsen et al
(2014).

A similar analysis was conducted in a recent study by Hussain et al (2023), where they
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ruled out the possibility of αp ≤ 2 as a spectral index. Again, the reason behind this
exclusion is that, with such a steep spectral index, the resulting neutrino flux closely
approaches the IceCube limits. The energy range considered in their research was be-
tween 1016 to 1017 eV. This suggests that with particle spectra flatter than 2, galaxy
clusters alone have the potential to account for the entire diffuse emission observed by
the IceCube. However, recent IceCube observations have indicated that only 9-13%, of
the neutrino flux originating from clusters can contribute to the overall diffuse emission
detected by the IceCube. At present, a direct comparison with my results is not feasible
since my findings pertain to a single cluster, whereas the IceCube results includes an
entire cluster population.

Also, in Hussain et al (2023), it is mentioned that spectral indices αp ≥ 2 is required to
align with this observations. Notably, when αp ≥ 2.3 in, the neutrino flux consistently
falls below the IceCube limits. As previously highlighted, the majority of the calculated
αp values in my thesis exceed 2. This shows that my numerical analysis, even when
applied to just one cluster, yields results consistent with the literature. Regarding the
energy content of cosmic rays, they explored various scenarios, ranging from 0.1% to 1%
of the cluster’s luminosity. When cosmic rays were constrained to 0.1 times the cluster’s
luminosity, the gamma-ray flux consistently remained below the upper limits. But in my
analysis, I adopted the equality condition, rather than relying solely on cluster luminos-
ity or kinetic energy fractions from AGN.

The neutrino flux produced in my analysis is within the range of approximately 10−23 to
10−22 GeV/cm2/s/str. In contrast, in Ha et al. (2020), the neutrino flux generated for
nearby clusters (Coma, Perseus,Ophiuchus, Virgo and Centaurus cluster) ranged from
10−4 to 10−5 times smaller than the IceCube limits. This difference in outcomes may be
attributed to the variation in the number of cluster samples used for extrapolation, as
well as to the larger masses of clusters considered by Ha et al. (2020).

Another important aspect found in the simulated neutrino flux is that unlike gamma-
rays, neutrinos are sensitive to jet power. Moreover, the effect of re-acceleration has
more impact in neutrinos compared to the gamma-ray emission. This difference primar-
ily arises from variations in the energy bins used for neutrino and gamma-ray emission.
Specifically, higher energy bins has more impact, even with minor re-acceleration events.
This aligns with the results of Ha et al. (2020), where the Np2 model demonstrated a
more prominent impact on re-acceleration events in neutrino emissions than gamma-ray
emissions.

To summarise the course of my thesis, I
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• Constrained the cosmic ray energy content within the radio jets (ECR = EB/4).
The cosmic ray energy budget should be ≤ 25% of magnetic field energy in the radio
jet. This gives a strict limit of only four multiple bursts allowed in radio galaxies
to ensure that gamma-ray flux remains within the acceptable FERMI limits.

• Conducted numerical analysis of the neutrino flux for a single cluster under various
conditions, including scenarios involving a single radio galaxy, a single radio galaxy
with varying jet power, and multiple radio galaxies.

• Was also able to prove that the radio jet power does not affect the gamma-ray
generated. Instead, the dominant factors are the number density of cosmic rays
and thermal gas density. In contrast, the change in jet power has a notable impact
on the neutrino flux produced. The re-acceleration events are highly sensitive to
high energy bins than low energy bins thus impacting the Np2 model of neutrino
emission. In the case of multiple radio galaxies, the central BCG plays a more
important role in generating the gamma and neutrino flux than the peripheral
galaxies do, thus behaving like a single radio galaxy.

This thesis has primarily focused on radio jets as the source of cosmic rays in the ICM.
However, in reality, there are numerous other sources and accelerators to consider like
shocks within the cluster, shocks in the hotspots of radio jets, or shocks resulting from
the cluster merging events, all contributing to an increased number of cosmic rays. While
this study has also focused on re-acceleration event due to shocks and turbulence (Np2
model), it is important to note that shocks can also inject fresh cosmic rays into the
ICM. This expanded consideration of cosmic ray sources could provide more stringent
constraints on the cosmic content within the radio jets, potentially leading to a reduction
in the number of multiple bursts allowed. Therefore, as a future perspective, I could
incorporate cosmic ray contributions from various sources, including shocks and radio
jets, to gain a more comprehensive understanding of cosmic content constraints. Along
with this, the primary challenge in analysing the neutrinos lies in the fact that the flux
calculations were limited to a single cluster, making direct comparisons with IceCube
limits impractical. To address this, my aim is to extrapolate these findings to the entire
cluster population, especially in a scenario involving multiple bursts. By doing so, I will
be able to establish a basis for assessing whether the constraints imposed by gamma-ray
and neutrino observations align with each other.
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